電子ドープポリアセン系化合物の基底状態の制御 by PHAN Thi Nhu Quynh
Tuning of the ground states in electron doped
polyacene system










Quynh Thi Nhu Phan
Supervisor:
Prof. Katsumi Tanigaki
A thesis submitted in fulfilment of the requirements
for the degree of Doctor of Philosophy
in the




Tuning of the ground states in electron doped polyacene system
Quynh Thi Nhu Phan
Laboratory of Solid State Physics on Nano Solids
Department of Physics, Graduate School of Science, Tohoku University
1 Introduction
Polyacene (PLA), a molecule made of linearly combined
fused benzene rings, is one of the well-known materials for
fabricating semiconducting devices. Fig.1 displays molec-
ular structures of the first four PLAs: naphthalene (NN),
anthracene (AN), tetracene (TN), and pentacene (PN) to-
gether with variation of bandwidth of the lowest unoccu-
pied molecular orbital (LUMO) as a function of number of
benzene rings [1]. Many experimental approaches focus-
ing on TN and PN thin films have been made to increase
conductivity and tune their ground states. In potassium
(K) doped PN with the 1:1 stoichiometry, a Mott insulat-
ing state was suggested to understand the steep decrease
of conductivity [2]. On the other hand, in the hole doped
I1PN, a thermal activation of localized spins was reported
from the temperature dependence of spin susceptibility [3].
This observation contradicts with the fact that the band-
width of highest occupied molecular orbital (HOMO-) and
LUMO-derived bands in PN are almost the same, theoret-
ically indicating a similar ground state of both hole and
electron doped PN. This controversy has not yet been set-
tled and the debate still continues in this intriguing area of
condensed matter physics.
The quality of doped PLA which contains various
metastable phases has been a serious obstacle for inves-
tigating the ground state of electron doped bulk materials.
In order to understand their electronic states as well as to
elucidate possibility of tuning the ground states of poly-
cyclic aromatic hydrocarbon by doping, especially PLA,
I first improved the quality of samples by employing a
modified solid reaction process. Base on the high qual-
ity samples obtained using the improved methodology,
I successfully investigate and interpret the ground states
of electron doped PLAs. The ground states of electron
doped PLAs, which exhibit small transfer integral and
large on-site Coulomb repulsion energy, showed various
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Figure 1: Schematic diagram of the LUMO bandwidth
against number of benzene rings for the first four PLAs.
2 Experiments
The important reasons of the serious synthetic problems
were the fact that the contacting area between K and PLAs
was small and the reacted materials prevent simultaneously
a various kind of reactions. In order to solve this problem, a
mixture of a K ingot and AN with the target stoichiometry
was pelletized and ground inside a glove-box (O2: 0.1 ppm
and H2O: 0.5 ppm). These processes were repeated twice.
The obtained homogeneous black powder was sealed in a
tube filled with helium and annealed for two weeks. Alkali
metal doped PLAs are air sensitive, and therefore synthe-
sis and measurement processes have to carry out carefully.
The features of pristine and intercalated materials were in-
vestigated by employing powder X-ray diffraction (XRD),
Raman, and diffuse reflectance spectra. The magnetic sus-
ceptibilities were measured using a superconducting quan-
tum interference device (SQUID) and electron spin reso-
nance (ESR).
3 Results and discussion
K1(PLA) and K2(PLA) prepared by employing the modi-
fied solid reaction processes, showed significantly different
XRD profiles and temperature dependences of magnetic
susceptibilities (χ(T )). Fig.2 presents the XRD profiles
of Kx(AN) as an example. The diffraction peaks of pris-
tine AN were indexed well using the crystal structure in
ref.[4]. These distinguished diffraction profiles with larger
d-values peaks indicate that K1(AN) and K2(AN) are the
most stable phases in the K-intercalated AN system and
the unit cells were expanded compared with that of pris-
tine AN. In all materials with the nominal composition of
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Figure 2: XRD profiles of pristine AN, K1(AN), and
K2(AN).









































Figure 3: Temperature dependences of magnetic suscepti-
bilities of K1(NN), K1(AN), K1(TN), and K1(PN).
1:1, χ(T )s exhibited the paramagnetic susceptibilities as
displayed in Fig.3. This clearly indicates that electrons
are transferred from alkali metal to PLAs which were also
observed from Raman and optical spectra. On the other
hand, the magnetic susceptibilities of K2(AN), K2(TN),
and K2(PN) are very small and are almost independent of
temperature as shown in inset of Fig.3. This behavior is
consistent with the concept of a simple band filling pic-
ture because the LUMO derived-band of parent PLA was
fully filled by two electrons transferred from the K atoms.
Thus, I have successfully demonstrated to tune the elec-
tronic states of typical organic semiconductors based on
the band filling model.
Intriguingly, χ(T )’s of K1(TN) and K1(PN) obey
the Curie-Weiss law with small magnetization, whereas
K1(NN) and K1(AN) show paramagnetic susceptibilities
considerably large with pronounced humps. The mag-
netic behaviors of K1(TN) and K1(PN) can be interpreted
in terms of a free electron model or a spin singlet state.
The characteristics of free electrons, however, were not
observed in neither ESR nor optical experiments. There-
fore, the ground states of K1(TN) and K1(PN) can be con-
cluded to the spin singlet states. On the other hand, the
pronounced magnetic humps in K1(NN) and K1(AN) cor-
respond to either thermal accessible spin states or antifer-
romagnetic (AF) states. When the ESR linewidth became
narrower with decreasing temperature, triplet signal and
characteristic of free electron were not observed. These
observation suggest that K1(NN) and K1(AN) can be AF
insulators. The magnetic ground state in K1(PLA) was
successfully tuned by modulating the bandwidth of PLAs.
In the K1(NN) and K1(AN) systems, it was difficult to find
an accurate magnetic model due to the insufficient struc-
tural information. I temporarily employed an Ising model
of AF spin chain, described by Bonner-Fisher [5] with dif-
ferent finite numbers of spin per chain consisting of even



















where C1 and C2 correspond to the even and the odd spin
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Figure 4: AF interaction energy versus ab plane area of
K1(NN), K1(AN), Rb1(NN), and Rb1(AN).
numbers of chain length, respectively. Further investiga-
tions of modulating the AF energy were carried out by
changing an intercalant element from K to Rb. Interest-
ingly, the estimated J/kB decreased in Rb1(NN) whereas
it was almost zero in Rb1(AN). As shown in Fig.4, these
results indicate a strong effect of the ion size on the AF
interactions, being consistent with the unit cell volumes
extracted from the XRD data.
4 Conclusions
I successfully synthesized K and Rb intercalated PLAs us-
ing a modified solid state reaction process. In general, elec-
tron doped organic materials show an insulating state in-
stead of an itinerant electronic state due to the small band-
width and the large on-site Coulomb repulsion energy. Dif-
ferent magnetic behaviors depending on the carrier doping
level, based on a simple band filling model, were observed.
In the half-filled, the electronic state of PLAs having small
bandwidth exhibited an AF Mott insulating ground state
and their AF energies were successfully tuned. The sin-
glet insulating states in K1(TN) and K1(PN) are similar to
the result of I doped PN [3] although the singlet-triplet gap
is much larger than the reported one. Thus, my thesis re-
searches have demonstrated how one can accurately tune
the electronic states and the AF energies of typical carrier
doped organic semiconductors.
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“No man is an island, entire of itself;
every man is a piece of the continent, a part of the main;
if a clod be washed away by the sea, Europe is the less, as well as if a promontory were,
as well as if a manor of thy friend’s or of thine own were;
any man’s death diminishes me, because I am involved in mankind, and therefore never
send to know for whom the bell tolls; it tolls for thee.”
“Không ai là một hòn đảo, tự thân toàn vẹn trong chính mình;
mỗi người là một mảnh của lục địa, một phần của đất liền;
khi sóng cuốn trôi một mỏm đá ven bờ, cũng như khi nó cuốn đi một mũi đất hay đánh
sập nhà bạn anh hoặc nhà anh, châu Âu như bé đi một ít;
Cái chết của mỗi một người đều làm tôi bị mất mát, bởi lẽ tôi gắn liền với Nhân loại.
Và, bởi thế, xin đừng bao giờ hỏi chuông gọi hồn ai.
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In 1862, Henry Letheby discovered a weak electrical conduction in oxidated aniline [1].
This gave the first idea about the possibility of tuning ground state in organic materials
and triggered many efforts searching for new organic conductors. More than ninety years
later, in 1954 a semiconducting state showing very high conductivity, 1 × 10−3 Scm−1,
was observed in halogens doped perylene [2]. This has inspired many research searching
for possible metallic states composed only of simple polycyclic aromatic hydrocarbons.
Unfortunately, the true metallic properties were not observed in perylene. Afterwards, in-
trinsic metallic states showing metallic conduction bands were realized in donor–acceptor
type organic charge transfer complexes, in particular tetrathiafulvalene tetracyanoquin-
odimethane (TTF-TCNQ) [3]. After that, in 1977, Shirakawa et al. put a milestone in
organic materials by finding high conductivity for oxidized and iodine-doped polyacety-
lene [4]. A recent report showed a metallic state of polyaniline in a system of conducting
polymers showing conductivity exceeding 1000 Scm−1 as well as electrical resistivity
that decreases monotonically with temperature [5], which was an intriguing topic in this
research area.
Nowadays, organic semiconductors have been applied in many fields, such as electronic
devices, optical devices and solar cells. Recently, polyacene (PLA), which is a linear
combination of fused benzene rings, is one of the well-known materials for fabricating a
variety of devices, such as organic field effect transistors (OFETs) [6–8], organic light-
emitting field-effect transistors (OLETs) [9, 10], etc. Molecular models of the first four
PLAs, naphthalene (NN), anthracene (AN), tetracene (TN), and pentacene (PN) are
displayed in figure 1.1. In order to improve and develop applications, the fundamental
understanding in physical properties of not only pristine polycyclic aromatic hydrocar-
bons but also their doped phase is very crucial. Looking back through the history, many
1
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(a) (b)
(c) (d)
Figure 1.1: Molecular models of (a) NN, (b) AN, (c) TN, (d) PN.
experimental approaches have been taken with these simple PLAs in order to increase
their conductivities and tune ground states.
From the fundamental point of view, PLAs have simple molecular structure, small trans-
fer integral, and large on-site Coulomb repulsion energy, suggesting that the half-filled
electron states created by carrier doping are most likely Mott insulators. Therefore PLAs
are good parent materials in order to study a Mott insulating state which is one of the
most interesting and widely studied phenomena in modern condensed matter physics.
A similar phenomenon was well-known in many organic semiconductors, such as TTF-
TCNQ [3], κ-(BEDT-TTF)2(CN)3 [11], as well as intercalated fullerene, NH3K3C60 [12].
This interesting phenomenon can be investigate by several measurement methods, such
as electronic transport and magnetic measurement.
From the viewpoint of electric transport, organic thin films have been widely investigated
for PLA’s, especially TN and PN [13–20]. In order to enhance the conductivity of TN
and PN, generally around < 10−8 Scm−1, both hole and electron dopings to thin film
were carried out for these materials. In the case of hole doping, the significant high
conductivities of 110 Scm−1 of iodine (I) doped PN in comparison with pristine materials
were observed and shown in figure 1.2a. Figure 1.2b displays the structure models of
pure thin film PN and I doped PN, where the I−13 ions are inserted between layers of
PN along the c axis and this causes the anisotropy of conductivity.
The increase of conductivity was also obtained in electron doped TN and PN thin
films by employing alkali metals. The conductivities of alkali metal doped PN are much
larger than that of alkali metal doped TN, especially in Rubidium (Rb) or Cesium (Cs)
doped PN as listed in Table 1.1. In addition, the electrical resistivity of Rb or Cs doped
PN thin film decreased with temperature, indicating a metallic behavior below room
temperature. The stage structure in which alkali ions inserted between PN layers was
also suggested to understand the X-ray diffraction data of these materials.
A metal–insulator transition in alkali metal doped PN thin films has also been discussed
and K1(PN) was reported to be a Mott insulator based on the electrical transport
measurements as well as theoretical calculations [16]. Figure 1.4a shows the conductivity
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(a) (b)
Figure 1.2: (a) Electrical conductivity of PN thin film with I doping time, showing
conductivity change in lateral direction (open circles) and perpendicular to the substrate
(close circles), taken from [18]. (b) Structural models viewing from the [010] direction
of undoped and intermediate conductive phase with open and grey circles represent
carbon and iodine atoms, taken from [21].
Table 1.1: Electrical conductivity at room temperature of hole and electron doped
TN and PN.
Materials Dopant Conductivity (Scm−1) Ref.
TN I 2× 10−2 [17]
TN K < 10−3 [13]
TN Rb < 10−3 [13]
PN I 110 [18]
PN I 2.8 [13]
PN Li 6× 10−3 [20]
PN Na 10−5 [13]
PN K 0.3 [13]
PN K > 60 [16]
PN Rb 47 [19]
PN Cs 74 [15]
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(a) (b)
Figure 1.3: Temperature dependences of electrical resistivity of (a) Rb and (b) Cs
doped PN thin film, taken from [19].
(a) (b)
Figure 1.4: (a) Conductivity and its square conductance of three different K doped
PN films as a function of NK/NPN . (b) Results of electronic structure calculations for
K1(PN) (upper panel) showing single-particle band structure, with the Fermi level EF
(green line), valence and conduction bands (thick blue lines), and projected density of
states for carbon (blue) and K (orange). The lower panel displays tight-binding fit to
the valence, conduction bands (blue thin lines) and lower, upper Hubbard bands (red
thick lines) from a mean-field analysis of Hubbard Hamiltonian with U = 1.45 eV. The
right hand side figure indicates reciprocal lattice vectors and the first Brillouin zone of
K1(PN). Taken from [16].
and its square conductance of three different K doped pentacene films as a function
of ratio between K and PN (NK/NPN ). The authors suggested that the sharp drop in
conductivity atNK/NPN = 1 could be ascribed in term of the Mott insulating transition.
In general, considering that the transfer integral, t (below 0.5 eV), is much smaller than
the on-site Coulomb repulsion energy (above 1 eV) due to the large molecular separation
in van der Waals crystals of polyaromatic hydrocarbons, it is thought that a metallic state
is not realized, but instead a Mott insulating state is generated according to theoretical
calculations as shown in figure 1.4b.
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Figure 1.5: Temperature dependence of spin susceptibility of polycrystalline iodine
doped PN with stoichiometry 1:1, taken from [22].
Thus, from the view point of electronic transport, electron doped PN should exhibits
a metallic like behavior when the concentration of alkali metal is sufficient large but
smaller than 1. When the doping level is only 1:1 in stoichiometry, a Mott insulating
state was suggested to understand the steep decrease of conductivity. In order to have a
clear evidence about the Mott insulating state, it is necessary to investigate the electron
doped bulk TN as well as PN.
Magnetic properties of carrier doped PALs were also studied by several group for both
hole and electron doping. A study of I intercalated PN was also performed by Brinkmann
et al. [22] for both bulk and thin film forms. Figure 1.5 presents the temperature de-
pendence of the spin susceptibility observed for the ESR signals of I1(PN). In order to
understand the interesting ESR data, the authors suggested the formation of dimers
(PN+)2 in the doped sample. The temperature dependence of spin susceptibility was
explained as a singlet-triplet equilibrium with a thermal gap of 0.031 eV.
For electron doped PLAs, in an earlier report in 1997, researchers of Tokyo University
observed an antiferromagnetic-like transition at a very low temperature (0.2 K) and low
magnetic field (50 G) [23] of K3.6(PN). The temperature dependences of static suscepti-
bility measured at 50 Gauss (G) under field cooled and zero field cooled modes exhibited
a clear slope change (figure 1.6). They speculated that the antiferromagnetic transition
may be the itinerant character for showing an existent temperature dependence under
low magnetic fields.
Very recently, superconducting states were reported in K3picene [24], K3phenanthrene
[25], A1.5phenanthrene (A = Sr, Ba) [26], Aphenanthrene (A = La, Sm) [27], and
K3dibenzopentacene [28]. Superconducting transition temperatures of K doped these
polycyclic aromatic hydrocarbons increase with increasing the benzene ring number as
shown in figure 1.7. These discoveries suggested an important possibility of a new class
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Figure 1.6: Temperature dependence of static susceptibility of K3.6(PN) and the arrow
indicated the transition temperature TN , taken from [23].
Figure 1.7: Dependence of the superconducting transition temperature on the number
of benzene rings. Tc increases from 5 K for Kxphenanthrene (three benzene rings) to 18
K for Kxpicene (five benzene rings), and up to 33.1 K for Kxdibenzopentacene (seven
benzene rings), shows linear relativity to the number of benzene rings. Taken from [28].
of superconductors and a metallic state can be created in electron doped polycyclic aro-
matic hydrocarbons. However, successful repetitions of these experiments have not yet
been made by other research groups.
Previous studies of carrier doped PLAs mainly focused on thin film of TN and PN
materials. From the experiments of electronic transport, temperature dependences of
resistivity of Rb and Cs doped PN were suggested to associate with a metallic like
behavior. Especially, in K doped PN, a Mott insulating state was suggested to understand
the steep decrease of conductivity when the doping level is 1:1. On the other hand,
the hole doped PN thin film depicted a high conductivity at low concentration of I.
When the doping level approached to 1 in bulk PN, the thermal activation of localized
spin was observed from the temperature dependence of spin susceptibility due to the
dimerization of PN molecules. However, the bandwidth of highest occupied molecular
orbital (HOMO-) and LUMO-derived bands are almost the same for PN, indicating a
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similar ground state for both hole and electron doped PN. This controversy has not yet
been settled, and the debate still continues in this intriguing area of condensed matter
physics and chemistry. The real electronic states of alkali metal intercalated PLAs are
very intriguing for research.
In order to have better understanding about this controversy as well as to elucidate the
possibility of tuning ground state of polycyclic aromatic hydrocarbon by doping, it is
necessary to investigate the electron doped bulk PLAs. As have been discussed, PLAs are
good parent material to study Mott insulating state because of the small bandwidth and
the large on-site Coulomb repulsion, especially their bandwidth increase with increasing
number of benzene rings in molecule. Therefore, it has the opportunity to tune PLAs
ground state by carrier doping.
From a synthetic point of view, the quality of doped PLAs is not sufficiently high enough
to obtain physical properties derived from single phase because various metastable phases
with the equivalent ground state energies coexist. This has been known to be a serious
problem in preparing a high quality single-phase sample, which are essential to investi-
gating the ground states of electron doped bulk materials. In order to study the elec-
tronic states of electron doped PLAs, I first tried to improve the quality of the interca-
lated PLAs. I have developed a modified synthetic route different from the conventional
method via a solid diffusion process with careful intermittent mechanical grindings at
room temperature followed by annealing. Employing the modified solid reaction process,
Ax(PLAs) (A = K, Rb and x = 1, 2) show both significantly different X-ray diffraction
profiles and temperature dependences of magnetic susceptibilities in comparison with
pristine materials. The ground states of electron doped PLAs has successfully tuned by
bandwidth as well as doping levels.
This thesis contains seven chapters. The crystal structures and the electronic states
of the first four PLAs will be presented in the Chapter 2. Chapter 4 will present the
detail of the synthesis technique and measurement notices for anaerobic characteristic of
the doped materials. In Chapter 3, common features of electronic states and magnetic
properties of organic materials will be described. Results of X-ray powder diffraction
patterns (XRD), optical spectra, Raman spectra, and magnetic measurements of the
electron doped materials as well as pristine PLAs will be presented in Chapter 5. In
Chapter 6, the experimental analysis and discussion will be depicted in order to clarify
the electronic states of electron doped PLAs. Effects of the bandwidth of pristine as
well as electron doped materials and the carrier doping level dependences will also be





The first four polyacenes (PLAs), having the small number of benzene rings, studied in
the present thesis are naphthalene (NN), anthracene (AN), tetracene (TN), and pen-
tacene (PN). Their molecular structures are shown in figure 2.1. As the number of ben-
zene rings increases, the band gap between LUMO and HOMO levels becomes smaller
whereas the bandwidth increases. In this chapter, I will describe the crystal structure as
well as the electronic state of these PLAs.
Figure 2.1: A simple schematic of energy gaps in NN, AN, TN, and PN, arranged
from left to right, respectively. The figure was taken from [29].
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Table 2.1: Lattice parameters at room temperature of single crystals NN, AN, TN,
and PN.
Materials a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) [Ref.]
NN 8.340 6.050 8.690 90.000 122.49 90.000 [31]
AN 8.553 6.016 11.17 90.000 124.60 90.000 [32]
TN 7.980 6.140 13.57 101.30 113.20 87.500 [30]
PN 6.266 7.775 14.53 76.475 87.682 84.684 [33]
2.1 Crystal structures
The first four PLAs adopt low symmetry in crystal structure. Whereas NN and AN
exhibit a monoclinic structure with space group P21/a, the crystal structures of TN
and PN are triclinic with space group P -1. Their structural parameters are listed in
Table 2.1. The unit cells of NN and AN have two equal axes and the third axis is longer
in AN by the width of one benzene ring. In TN and PN, crystal structure shows a small
deviation from the monoclinic symmetry. The deviations of the α and γ angles from 90
deg cause an increase in density of around 2%. This corresponds to a closer packing of
molecular layers, but the intermolecular distance does not show any unusually shrinkage
[30].
In all four PLAs, a unit cell includes two molecules and the molecules arrange in a
herringbone stacking configuration, in which each molecular layer is offset. The orienta-
tion of molecules on the ab plane in the crystal structures of NN, AN, TN, and PN are
shown in figure 2.2. From figure 2.2 and Table 2.1, we can see that the crystal structures
of four PLAs are generally similar with each other, except the large expansion in the
c-direction (figure 2.2). Looking along the c-direction, the differences of the stacking an-
gles can clearly be seen whereas the lattice parameters on the ab-plane have only small
variations. However, the structural parameters of PLAs deeply depend on the prepa-
ration conditions [34, 35]. Therefore, it is necessary have to define the real structural
parameters of the materials employed for experiments.
2.2 Electronic states
2.2.1 Energy band of PLAs
In order to understand the ground states of doped PLAs, it is necessary to know the
electronic states of the pristine materials. In reference [36], the authors carefully studied
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(a) NN (b) AN
(c) TN (d) PN
Figure 2.2: Orientation of molecules on ab plane in the crystal structure of the first
four PLAs. The closed blue circles present carbon atoms and the closed red circles are
hydrogen atoms.
Figure 2.3: Directions d1 (green line) and d2 (violet line) of the strongest intra-layer
interactions in AN.
the band structures by a semiempirical Hartree-Fock intermediate neglect of differen-
tial overlap (INDO) method. Following the crystal structure of PLAs presented in the
previous section, there are two molecule layers along the c axis direction. From their cal-
culations, the intra-layer interactions are significantly larger than interlayer interactions.
These results are well agree with a previous calculation [37]. There are two directions,
d1(1/2, 1/2, 0) and d2(−1/2, 1/2, 0), showing the strongest interaction on the ab plane in
each PLA as shown in figure 2.3 for the case of AN. From the calculations, they found
that as the size of molecule increases, the interactions for electrons along d1 and d2 in-
crease and decrease along the c direction. Meanwhile, the interactions between molecules
located in adjacent layers (along c-direction) decrease as the molecular size increases.
Polyacenes: naphthalene, anthracene, tetracene, pentacene 12
The band structures of TN and PN are slightly different from NN and AN due to the
differences in symmetry. Their calculated energy bands are depicted in figure 2.4. In
the energy bands of NN and AN (figure 2.4a), there are degeneracies at the Brillouin
zone edge on the ab plane because of the crystal glide plane symmetry. However, in the
case of TN and PN, their crystal structures do not have such a symmetry, and there
is no degeneracy at the zone edge in their energy bands (figures 2.4b and 2.4c). In all
materials, the dispersion along the c direction is much smaller than those along the other
directions. A large gap is also found between the upper and the lower band along the c
direction due to the small interactions between the molecules in the adjacent layers. A
comparison among different PLAs shows that the bandwidth increases in proportional to
the orbital overlapping as the size of the molecule increases. The bandwidths of HOMO-
and LUMO-derived bands of NN, AN, TN, and PN are presented in Table 2.2.
Table 2.2: Magnitudes of the bandwidth of NN, AN, TN, and PN (units: meV) [36].
Energy band NN AN TN PN
HOMO 409.0 509.4 625.5 738.4
LUMO 372.3 508.3 502.7 728.0
2.2.2 Effect of morphology on energy band
Among PLAs, PN was the most attractive material because of it high mobility. There-
fore there have been many studies on the band structure of PN [35, 37–39]. Since the
energy band dispersion is imposed by the intermolecular interactions, the effects of crys-
tallographic structure polymorphs are important. In the study of H. Yoshida and N.
Sato [35], the energy bands of PN in the thin film, bulk, and single crystal phases have
been calculated. The crystal structures of three polymorphs employed in the report are
displayed in figure 2.5.
The three polymorphs show differences of unit cell parameters as well as molecular
alignments. The calculated energy band structures were essentially two dimensional and
little dispersion was obtained along the c direction as shown in figure 2.6. The energy
dispersions of the bulk and single crystal phases exhibited a largely anisotropic and the
bandwidth of single crystal is larger than the one of bulk PN. In contrast, the thin film
phase exhibited an isotropic band structure and larger bandwidth in comparison with
the other phases.
Polyacenes: naphthalene, anthracene, tetracene, pentacene 13
(a) NN (b) AN
(c) TN (d) PN
Figure 2.4: Shape of the LUMO-derived band (upper panel) and HOMO-derived band
(lower panel) in the major crystal directions and corresponding density of state of (a)
NN, (b) AN, (c) TN, and (d) PN. Taken from [36].
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Figure 2.5: Crystallographic structure of the PN thin film, bulk, and single crystal
phases, respectively from left to right.
(a) (b)
(c)
Figure 2.6: Energy bands for HOMO-1, HOMO, LUMO, and LUMO+1 of PN (a)
single crystal, (b) bulk, and (c) thin film, from the GGA-PBE calculation (dots) and
the tight binding fits (solid lines). Taken from [35].
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Figure 2.7: Schematic diagram of the LUMO bandwidth against number of benzene
rings in the molecules for the first four PLAs.
2.3 Summary
In this chapter, I presented both crystal structure and electronic state of NN, AN, TN,
and PN. All four semiconductors exhibit the herringbone stacking of molecular layers
adopted to low symmetry crystal structure (see figure 2.2). This herringbone configura-
tion induces the strongest interactions on the ab plane along the d1, d2 directions (see
figure 2.3), and the smaller interactions among molecules in adjacent layers. The crystal
structures of TN and PN have the same space group (P -1) while those of NN and AN
show a (P21/a) space group. Therefore, the energy bands of TN and PN are similar with
each other but they are slightly different form NN and AN. The calculation of different
polymorphs of PN exhibits the crystal structure dependence of energy band.
In addition, the different energy of the two molecule sites in the unit cells of TN and PN
leads the splitting of energy bands. The bandwidths of these materials were estimated
to be from 400 meV to 700 meV and increase with increasing the number of benzene
rings in molecule as shown in figure 2.7.

Chapter 3
Electronic States in Organic
Materials
As have been mentioned in Chapter 1, the interest in the present research is synthesis of
high quality materials for alkali metal doped PLAs and investigation of their electronic
states. Magnetic properties are important for understanding the electronic properties
of these air-sensitive doped compounds, and therefore physical property studied in the
present work mainly focus on the magnetic properties. In this chapter, I will describe
two fundamental electronic ground states, which can generally be observed in organic
materials: localized states and metallic states.
Almost organic materials with filled valence bands and relatively large energy gaps
are insulators or semiconductors. It has been a long-lasting intriguing question that
whether an organic semiconductor can become a metal by carrier doping or charge
transfer complex. Many researchers have used and modified various methods for this
purpose. However, in organic semiconductors, doping effects are complex due to the
polymorphism in their low symmetry crystal structure.
In the past reference [40], the authors considered a system consisting of two sites (A and
B) and two electrons which are placed at each site. When the spin at B site transfers to
an unoccupied level at A site, it induces an energy change in the system. This energy
change (∆Eionic) can be calculated by equation (3.1) [40]
∆Eionic = U0 − U1 = Ueff . (3.1)
Where U0 is the on-site Coulomb repulsion, U1 present the interaction between two elec-
trons on the adjacent site, and Ueff corresponds to the effective ionic fluctuation energy.
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Another significant parameter that has to be taken into account is the intermolecular
transfer integral (t). If Ueff/4t  1 the electron-electron interaction energy is much
smaller than bandwidth and the system has a metallic ground state. In the contrary
case, Ueff/4t 1, the ground state becomes the so called Mott insulating state.
3.1 Itinerant electron states
3.1.1 Metallic state
A metallic ground state in an organic material can be obtained if the system satisfies
three following conditions. The existence of unpaired electrons, a weak electron-electron
interaction relative to the transfer energy, and a homogeneous crystal are necessary
so that the unpaired electrons can move in a uniform conduction band [40]. Due to
the development in chemistry, many organic metals have been discovered since 1960s.
One of the most important compounds is quasi-one-dimensional structure of packing of
donor and acceptor molecules, such as TTF (tetrathiafulvalene)-TCNQ (tetracyanoquin-
odimethane) [3] and copper salts of DCNQI (N,N′-dicyanoquinodiimine) [41].
Recently, a two dimensional organic metal based on fullerenes, which was honeycomb ar-
rangement of C•−60 (radical anion of fullerene) with N -methyldiaza bicyclooctance cation
(MDABCO+) and triptycene (TPC), was discovered [42]. This compound exhibits a
metallic state down to 1.9 K. The crystal structure and the temperature dependence
of molar magnetic susceptibility of this compound, (MDABCO+)· TPC·(C•−60 ), were
showed in figure 3.1. The Pauli paramagnetic contribution χ0, as shown in figure 3.1c,
is attributable to the conducting electrons of metallic fullerene layer.
3.1.2 Mott insulator
A Mott insulator is a material which has a half filled energy band, but is a insulator yet
due to the energy scale of strong electron-electron interactions in comparison with that
of the bandwidth. Because of electron-electron repulsion, the energy is minimum when
the electrons localize and generally form an antiferromagnetic insulator [43].
In order to understand this phenomenon, let’s consider a Hubbard model with two
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(a) (b)
(c)
Figure 3.1: Organic metal (MDABCO+)· TPC·(C•−60 ) (a) the crystal structure pack-
ing: upper one is TPC (DII) molecules form a hexagonal hollow in which the MDABCO
(D+I ) cation fits, and lower ones are two orthogonal views of C
•−
60 molecules docked in
the hollow of TCP layer in a key-keyhole relationship, color: C dark yellow, H pale blue,
N dark blue; (b) Projection of crystal structure at 160 K along the [100] axis; (c) the
temperature dependence of molar magnetic susceptibility (closed circles). Dashed curve
fits to χ0 + C/(T − Θ), where χ0 = 6.5 × 10−4 emu.mol−1, C = 0.160 emu.K.mol−1,
and Θ = −31 K. Taken from [42].
where ei is on-site energy, the electron creation and annihilation operators on site i
are c†i,σ, cj,σ, with an electron spin σ, the hopping integral tij is different from each
directions, H.c. is the Hermitian conjugate, and U is the effective Coulomb interaction
between two electrons on the same molecule.
Let us consider a two-site Hubbard model which has two electrons and two sites [44].
The possible states of this system are |↑↓, 0〉, |0, ↑↓〉, |↑, ↓〉, |↓, ↑〉, |↑, ↑〉, |↓, ↓〉. When the
effective Coulomb repulsion interaction U is taken into account, the energy degeneracy
splits into levels: the lower and the upper levels (see figure 3.2). A finite hoping integral
tij in the system will create linear combination of these states. The spin states are shown
in Table 3.1.
Thus, when both tij and U are finite, the ground state of the system is ΦSD− with Sz = 0
as displayed in figure 3.2.
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Table 3.1: Spin states of two electrons on two sites of a finite tij , U system.
state Sz energy
spin triplet |↑, ↑〉 Sz = 1 2ε
|↓, ↓〉 Sz = −1 2ε
1√
2
(|↑, ↓〉+ |↓, ↑〉) Sz = 0 2ε
1√
2









= a |S〉 − b |D〉 Sz = 0 12(4ε+ U)− 12
√
U2 + 16t2
where |S〉 ≡ 1√
2
(|↑, ↓〉 − |↓, ↑〉)
|D〉 ≡ 1√
2
(|↑↓, 0〉+ |0, ↑↓〉)









Figure 3.2: Schematic energy states of Mott insulator [44].
Mott insulator transition is well known in many inorganic materials [43]. From the first
discovery of an organic metal, researchers were also interested in Mott organic insulators.
Figure 3.3 presented Mott transition of NH3KRb2C60 as an example. In NH3KRb2C60,
the antiferromagnetic (AF) transition at 76 K is characterized by the decrease of EPR
intensity and a sharp increase of linewidth.
3.2 Localized electron states
In the case of the material with a small bandwidth, the carriers can not move between
energy levels and become localized. Temperature dependence of magnetic susceptibility
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Figure 3.3: Temperature dependence of integrated intensity (normalized by the room





is the Curie constant, N , J , and g are the number of
spins, the total angular momentum quantum number, and the g factor, respectively. In

















where µB is Bohr magneton and kB is Boltzmann constant.
In the case of system with many spins, in order to achieve the smallest energy, there
are possibility to form dimers, antiferromagnetic, and rarely ferromagnetic state. In this
section, I will present the theoretical as well as experimental results of these electronic
states.
3.2.1 Singlet-triplet gap insulator
A singlet-triplet gap insulator could form if there are two localized electrons on the same
molecule. In this case, the spin state of these electrons can be singlet or triplet, they are
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(a) (b)
Figure 3.4: (a) Schematic energy of the two-spin states; (b) temperature dependence
of magnetic susceptibilities of two-spins state: ∆ = 0 (dot curve), ∆ < 0 (dashed curve),
and ∆ > 0 (solid curve). Taken from [46, ch. 4, p. 83].
separated by a energy gap (∆). The partition function is
Z = 1 + e−∆/kBT
(

















1 + e∆/kBT + 2cosh(βB)
. (3.8)
If β  1(B/T < 1.5 × 103), an approximation sinh(βB) = βB can be employed and
susceptibility can be given by equation (3.9), called the Bleaney-Bowers equation,
χ =
2ng2µ2B
kBT (3 + e∆/kBT )
. (3.9)
Figure 3.4 shows the temperature dependences of susceptibilities for three cases: no
interaction ∆ = 0, singlet ground state ∆ > 0, and triplet ground state ∆ < 0. In
materials with small magnetization, at high temperatures (T  ∆/kB), all levels are
occupied (χ → ng2µ2/2kBT ) and the temperature dependence of susceptibility obeys
Curie law. In the system having ∆ > 0, the magnetic susceptibility reaches zero in
the low temperature (T  ∆/kB) limit because only singlet state is occupied. On the
other hand, the magnetic susceptibility becomes twice of the classical Curie law at low
temperatures in materials with ∆ < 0.
The Bleaney-Bowers equation (3.9) was employed to investigate the magnetic property
of several dimer systems, such as dinuclear Copper(II) complexes of thiophenophane
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Figure 3.5: Temperature dependence of χPT of galvinoxy. Open circles present ex-
perimental data. Solid and broken line indicate theoretical fittings employing 1D ferro-
magnetic Heisenberg model and singlet-triplet model, respectively. Taken from [51].
ligands [47], Copper(II) benzoate nitroxide dimers [48].
3.2.2 Localized spin with magnetic interaction
In solid material, a commonly microscopic model of magnetic interaction is the nearest





where the constant J is the exchange integral and the symbol 〈ij〉 expresses a sum over
nearest neighbours. The spins Si are treated as three dimensional vectors because they
are allowed to point in any direction in three dimensional space. However, the sum can be
taken over a lattice of 1, 2 or 3 dimensional based on the crystal structure of material. In
addition, a related model, Ising model only allowed up or down spin alignment, therefore







Ferromagnetic interactions between organic molecules have been searched for long time.
In 1969 ferromagnetic interactions were identified in crystals of galvinoxyl [49]. Temper-
ature dependence of magnetic susceptibility exhibits a positive Weiss constant of 19 K,
but the crystal undergoes a phase transition at 85 K to a low temperature phase which
depicts strong antiferromagnetic interactions with J/kB = −260 K [50]. The susceptibil-
ity above 85 K of this material was well simulated using one-dimensional ferromagnetic
Heisenberg model as shown in figure 3.5.
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In organic materials another well-known feature of spin is antiferromagnetic interaction
which has been observed in many materials [45, 49, 52, 53]. In 1964 J. C. Bonner and M.











where γ, H are anisotropy factor and magnetic field, respectively. The value of γ is equal
to 0 for Ising spin chain and equal to 1 for Heisenberg spin chain. Their calculations
obtained a relationship kBTmax/|J | ' 1.282 for γ = 1.
Figure 3.6 presents antiferromagnetic susceptibilities versus temperature for different
finite Heisenberg rings. For finite chains with N even, the ground state for all values of
γ is characterized by total spin component Sz = 0, therefore the susceptibility parallel
to the z axis exponentially approaches zero when temperature becomes 0. On the other
hand, in the case of finite chain odd N , the ground states have Sz = ±1/2 and the
susceptibility diverges as 1/T when temperature approaches zero.
These remarks can be clearly confirmed in the case of γ = 0 (Ising limit) where the










with K = |J |/2kBT . (3.14)
3.3 Summary
In this chapter, I presented the expected electronic states of organic materials using
various simple models in both itinerant and localized limits, excluding the special su-
perconducting electronic state. A metallic state in an organic material can be confirmed
from temperature dependences of resistivity and magnetic susceptibility as well as the
reflectance of free electrons so called the Drude term in optical measurements. On the
other hand, the electron localization in insulating states can be observed together with
large resistivity as well as temperature-dependent magnetic moments, the later of which
can be confirmed by SQUID and electron spin resonance (ESR).
A doped material often shows a insulating electronic state instead of a metallic state
due to small bandwidth and large onside Coulomb interaction. In Chapter 6, I will use
these electronic state models to interpret my experimental data.
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Figure 3.6: Antiferromagnetic susceptibility again temperature for finite Heisenberg
rings (solid curves) and the estimated limit for infinite rings (dashed curve). The dotted




In this chapter, I will describe the developed technique for synthesizing intercalation
compounds of polycrystalline PLAs with K and Rb. The measurement techniques of
structure and properties of doped materials, such as X-Ray Diffraction (XRD), Raman,
optical spectra, and magnetism, the last of which was performed by employing both
Superconducting Quantum Interference Device (SQUID) and Electron Spin Resonance
(ESR) will also be presented.
4.1 Synthesis technique
For a long time, fundamental understandings on the intercalation compounds of poly-
cyclic aromatic hydrocarbons (PAHs) have not sufficiently been qualified due to both
the synthetic difficulties and the instability in air. Specially, various metastable phases
coexist in doped materials which were synthesized by employing conventional synthetic
techniques. In the recent researches on these materials, the doped samples were syn-
thesized by several methods, such as vapor phase reactions of powder PN with iodine
[21, 22] and those of PN or picene in solid form [23, 24].
I had tentatively employed those methodologies for synthesizing alkali metal intercala-
tion compounds of NN, AN, TN, and PN. However, those experiments produced the
doped samples which exhibited low homogeneity and bad crystallinity. The most impor-
tant reasons of these serious problems were the fact that the contacting area between K
and PLAs was small and the reacted materials prevented further progressing reactions.
In addition, PLAs can evaporate easily due to their high vapor pressure, this induce a
difficulty for controlling the stoichiometry of intercalation compound. Therefore, I tried
to search for a better technique to synthesize alkali metal doped PAHs. After all, I
27
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have discovered a better synthetic technique which could surmount imperfections of the
solid-state reactions. Here I will describe my modified methodology in detail.
The preparation of samples was made in a glove box full filled by Ar gas to prevent
oxidation of alkali metal. The synthetic process for K doped TN is shown in figure 4.1
as an example. First, I applied pressure to a mixture of an ingot of K and an organic
semiconductor with nominal stoichiometries to make a pellet (figure 4.1a), then the pellet
was ground gently to get a homogeneous mixture (figure 4.1b). The pressure smaller than
6 MPa was applied to make pellets in order to restrain defects in the doped materials.
This process was repeated two times additionally and the figures 4.1c, 4.1d, 4.1e, and 4.1f
showed how the color changed in the mixtures. The mixtures changed gradually from
the color of pristine to black. This indicates that a partially reaction between K and
PLA occurred without applying heat. These materials were subsequently transferred to
a Pyrex tube and sealed in helium (He) gas followed by annealing for 15 days at suitable
temperatures which are smaller than the melting temperature of pristine materials. The
annealing temperatures are 343 K for NN, 413 K for AN, and 453 K both TN and PN.
The annealing process completed reactions to improve the homogeneity of the doped
phases. The K-doped samples prepared by the present technique have high homogeneity,
but the applied pressure may induce stress and defects in the samples again.
4.2 Measurements of material properties
The variations of structure parameters of alkali metal doped PLAs were detected em-
ploying powder X-Ray Diffraction (XRD). The intercalation compounds between alkali
metal and PLAs are air sensitive, and therefore I had to choose measurements that sat-
isfy this condition. In order to detect the appearance of charge transfer from alkali metal
to PLA molecule, I employed Raman measurement. When electrons occupy anti-bonding
orbitals of PLA, the force constance as well as the frequency of vibration decrease. In the
case of electron was successfully transfer to PLA with stoichiometry 1:1, the expected
ground states are metallic, Mott insulating, paramagnetic insulating, and non-magnetic
insulating. Magnetic measurements of a intercalation compound play an important role
in determination of the ground state because of the difficulties in transport measurement.
Therefore, I employ SQUID and ESR measurements in order to investigate electronic
state of electron doped PLAs. A SQUID measurement detect the total magnetization
of doped material, whereas an ESR measurement can detect separably different spin
components. In addition, an optical measurement is employed to inspect the presence





Figure 4.1: Synthetic process of K intercalated TN, showing sample after the first (a),
second (c), and third time (e) of applying pressure, respectively as well as the first (b),
second (d), and third time (f) of grinding, respectively.
will present preparation of samples as well as experimental condition of XRD, Raman,
optical, SQUID, and ESR measurements.
4.2.1 XRD measurements
In order to know the crystal structure and quality of the doped PLAs, I measured powder
diffraction of the doped samples as well as pristine materials. The preparation of samples
for XRD was carefully performed in an Ar filled glove-box. Samples were packed into
soda-glass capillaries of 0.3 mm in diameter and sealed in Ar gas. For the temperature
dependent measurements, the capillaries were sealed in He gas. The X-ray diffraction
measurements were carried out at the BL02B2 beam port of SPring-8, a Synchrotron
facility. The X-ray wavelengths in each experiment employed for measurements were
determined from Rietveld refinements of a standard sample CeO2 using CMPR [55] and
EXPGUI-GSAS [56]. The parameters of unit cell of doped materials were determined
by Le Bail fitting method.
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4.2.2 Raman measurements
Raman spectroscopy was performed using RENISHAW inVia Reflex at Institute for
Molecular Science (IMS). This apparatus was equipped with a single monochromator
and a CCD detector. The spectra were collected with the excitation energy of 785 nm for
NN, AN systems and 633 nm for TN system at room temperature. For measurements,
the same capillaries for XRD measurements were used. Vibration frequency and intensity
were estimated from Raman spectra employing Lorentzian function.
4.2.3 Optical measurements
The samples were sealed in high quality quartz tube under low pressure Ar gas atmo-
sphere. Diffusive reflection spectra were measured at room temperature by using an
UV-vis-NIR and a FTIR spectrometer equipped with KBr as a window. The optical
measurements were carried out in collaboration with Dr. Takehito Nakano, Department
of Physics, Graduate School of Science, Osaka University, Japan.
4.2.4 SQUID measurements
In order to investigate the magnetic properties of the intercalation compounds of PLAs
with alkali metal, I measured both temperature- (M(T )) and magnetic field- depen-
dent magnetization (M(H)) of pristine materials and the doped materials. However, the
magnetic responses of organic semiconductors were usually much small, and therefore
I had to subtract the signal of sample holders in order to estimate the real values of
samples. In the case of pristine NN, AN, TN, and PN, the material was covered by a
sheet of polyethylene (PE) wrapping film, and then inserted into a plastic straw. For
measurement of doped samples, I transferred the material to a quartz tube of 3 mm
in inner diameter inside a glove-box and sealed under He gas atmosphere. Because the
intercalation compounds of PLAs and alkali metals are sensitive to oxygen, all handling
of doped materials have to be made with a special care under an aerobic condition.
In order to get a high signal-reliability, I first determined the center position of super-
conducting loops in SQUID by using a standard sample. The distance from the top
of the sample rod to the center of the sample in every measurement was fixed to be
equal to the value calibrated from the measurement of a reference-sample. In general,
the signal is measured by a 4 cm length scan, but all my SQUID measurements were
performed using a sequence of a 6 cm length scan to get more data points. The ma-
terial and the holder were measured together, called "sample + holder data", and
then the empty holder was measured under the same conditions of magnetic field and
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Figure 4.2: SQUID responses of sample + holder, holder, and sample in measuring
pristine AN.
temperature, called "holder data". From those measurements, I obtained the raw data
sets for sample + holder as well as holder and after subtracting the raw data sets
I successfully extracted the response of the material. For the pristine materials, it is
easy to measure them in holder and bare holder because I do not need to care about
the anaerobic condition. The raw data of sample + holder, holder and sample of
pristine AN are showed in figure 4.2. The black dashed line in the figure shows the center
position of the superconducting loops in SQUID.
In the case of a doped compound, the sample tube was reversed for measuring the
bare quartz tube as showed in figure 4.3a after measuring the signal including holder.
Because the positions of data points in a holder were inverted, I reversed these data
of the holder before subtraction. Figure 4.3a shows the response of K doped AN with
1:1 stoichiometry, K1(AN). The responses of sample + holder, inverted holder, and
sample are shown in figure 4.3b.
When a measurement is performed, the Magnetic Property Measurement System (MPMS)
moves sample through a set of superconducting loops in arrangement showed in figure
4.4. The SQUID voltage response depending on sample positions is collected when the
sample is moved through superconducting loops. This response curve can be fitted well
by using equation (4.1), from MPMS Application Note 1014-213 (2000).
f(Z) = X(1) +X(2)Z +
+X(3)
{
2[R2 + (Z +X(4))2]−3/2 − [R2 + (−Λ + Z +X(4))2]−3/2
}
.(4.1)
Where X(1) is the offset voltage constant, X(2) considers a linear electronic SQUID
drift through data collection, X(3) relates to the magnetic moment of a sample, and
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Figure 4.3: (a) Setting of SQUID measurement for doped samples and (b) SQUID
response of K1(AN)
Figure 4.4: Scheme of SQUID superconducting loops arrangement.
hand, R = 0.97 cm is the longitudinal radius and Λ = 1.519 cm is the longitudinal coil
separation.
From the fitting of equation (4.1), I got X(3) parameter, then magnetic moment can be
calculated by applying equation (4.2).
Moment =
X(3) ∗ longitudinal regression factor





In equation (4.2), the longitudinal regression factor and the SQUID calibration factor
are device dependent parameters. For making accurate data evaluations, the correction
factor was determined to be a constant of 0.9125. Following the equation that we used,
the total correction parameter was 0.000210396.
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4.2.5 ESR measurements
Electron spin resonance (ESR) measurements at temperatures between 4 and 300 K
were performed using a Bruker E500 X-band ESR spectrometer with an Oxford ESR900
He-flow cryostat in IMS. The samples for ESR measurements were prepared under the
He gas atmosphere in commercial ESR quartz tubes. Almost all ESR signals of alkaline
metal doped PLAs can be fitted using the first derivative of Lorentzian function.








However, in some cases the ESR signals have to be fitted by the first derivative of
Gaussian function.
y(x) = −I 2
w
e1/2 (x− P ) e
−2(x−P )2
w2 , (4.4)
where I, P , w are intensity, position, and linewidth of the first derivative of absorption
peak, respectively. Chromium (Cr) powder was used as a standard g factor reference,
gCr = 1.9800 ± 0.0006. The g factor of the samples can be estimated from the g factor
of Cr reference by equation




where PCr and Psample are peak positions of Cr standard reference and sample, respec-
tively. In addition, the spin susceptibility was calibrated using a CuSO4.5H2O single crys-
tal. The spin susceptibility of CuSO4.5H2O single crystal at 288 K is 6.05 10
−6 emu/g.
The spin susceptibility corresponds to the area of the absorption peak, therefore, it can
be estimated based on the ratio of absorption peak area between alkaline metal doped
PLAs and CuSO4.5H2O.
4.3 Experimental summary
In this chapter, I described my modified technique for synthesis of intercalation com-
pounds of organic semiconductors with alkali metal as well as the measurements to
investigate crystal structures and physical properties, such as optical and magnetic prop-
erties of both pristine materials and doped samples. I obtained better homogeneity of
alkaline-doped powder samples by using the present technique. The most important ex-
perimental bottle neck was the high sensitivity of alkaline and doped samples to oxygen
in air, and therefore I could not measure resistivity of the doped samples unfortunately.
Experimental Details 34
Another problem is that the magnetic responses of PLAs and their doped samples are
quite small, the fitting of SQUID responses had to be made carefully.




The intercalation compounds between alkali metals and PLAs were synthesized employ-
ing the modified synthesis technique based on a solid reaction described in Chapter 3.
Many samples of each studied material were synthesized and used for XRD, Raman,
optical, and magnetic property measurements in order to check the reproducibility of
synthesis and measurement.
Powder XRD patterns of materials were measured using the synchrotron X-ray radiation
in several different beamtimes at the SPring-8 facility as well as a Rigaku XRD machine
equipped CuKα target in WPI-AIMR. Since various X-ray wavelengths were used, I
showed XRD patterns in Q space (Q = 4π sin(Θ)/λ). For the convenient comparisons
between pristine materials and their doped phases, the diffraction patterns of pristine
and the doped phases were displayed together in the same figure of Q space.
The diffuse reflection spectrum was transformed into the absorption spectrum by the
Kubelka-Munk function in the case of powder material with the isotropic and weak-
absorption coefficient and a particle size greater than the wavelength of incident light
[57]. When the transmitted light is sufficiently stronger than the light reflected, the







where r, K/2, and S/2 are the diffuse reflection, the absorption coefficient, and the
scattering rate per unit length. On the other hand, when the absorption is strong, trans-
mitted light can not be distinguished from the reflected light due to the scattering
process. The sum of reflection R and transmission T (G = R+ T ) is given by





where A is absorptance of material.
In the case of alkali metal doped PLAs, since the regular reflection signals were dominant
in the diffuse reflectivity above 0.8 eV, reflectance as well as absorptance spectra were
obtained by utilizing equation (5.2) while their absorption coefficients below 0.8 eV were
estimated from Kubeluka-Munk equation (5.1).
In SQUID measurement of a doped sample (Ax(PLA)), in order to remove the ferro like
contribution of defects, the temperature dependence of magnetization (M(T )) of each
material was measured by applying two different magnetic fields which are usually 5 and






The diamagnetic susceptibilities of alkali metal cations created by transferring one elec-
tron to LUMO level of an organic semiconductor must be taken into consideration. In
addition, the diamagnetic susceptibilities of pristine materials also contribute to the ob-
served total magnetic susceptibilities, therefore, the magnetic susceptibility of the doped
spin can be given by
with x = 1 χobserved = χcore + χring + χcoreA + χdopedspin , (5.4a)
and x = 2 χobserved = 2× χcoreA + χdopedspin . (5.4b)
where χdopedspin is the contribution of the doped electrons and plays an important role
in estimation and understanding the doping effects of alkali metal on the PLAs.
The magnetic field dependence of magnetization M(H)’s of Ax(PLA) also subtracted
diamagnetic susceptibility from pristine and alkali ion by equation
M(H) = Mobserved −H{(2− x)(χcore + χring) + x× χcoreA} . (5.5)
The XRD, optical, Raman, and SQUID measurements show that identical characteristics
as well as magnetic properties were observed in different batches of the doped materi-
als, demonstrating the reproducibility of the present synthetic method. In the present
chapter, experimental data will be presented in several sets in which the parent material
and all it’s doped materials are displayed.
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5.1 Pristine NN, K1(NN), and Rb1(NN)
5.1.1 XRD patterns
Samples of K and Rb doped NN were carefully prepared, however, only samples with
nominal composition of 1:1 can be created by the present synthesis technique as de-
scribed in the experimental Chapter 1. A2(NN) (A = K, Rb) were not prepared due to
decomposition of NN when the composition of alkali metal is over one. The diffraction
peaks of pristine NN entirely disappear from the XRD profiles of the doped samples
as shown in figure 5.1. The XRD patterns of both K1(NN) and Rb1(NN) show similar
profiles with many diffraction peaks, it means that their crystal structures are simi-
lar with only small differences of the lattice parameters. In addition, several diffraction
peaks at smaller Q values were observed. This indicates that their unit cell volumes were
expanded in comparison with that of pristine NN.
5.1.2 Raman spectra
The room temperature Raman spectra of pristine NN, K1(NN), and Rb1(NN) are shown
in figure 5.2. The peak widths became wider with intercalation of alkali metal. The NN
molecule belongs to the D2h point group and 24 Raman-active vibration modes can be
expected from the symmetry considerations [58]. However, only Raman-active modes
with strong intensities were observed in our measurements of pristine NN as shown in
Table 5.1, consistent with reported experimental result of powder NN [59]. Almost all
peaks of A1(NN) (A = K, Rb) shifted to the lower wavenumbers than that of pristine
NN. The Raman spectrum of Rb1(NN) shows a very similar profile to that of K1(NN)
and a small difference in the Raman shift between them were observed.
5.1.3 Optical spectra
The absorption and reflectance spectra of the K1(NN) and Rb1(NN) are shown in figure
5.3. There is no absorption below 0.8 eV except for a sharp peak at 0.38 eV which
is assigned to the C-H stretching vibration in the absorption spectra. As presented in
Chapter 2, NN has the large band gap of 4.8 eV. In the reflectance spectrum of both
K1(NN) and Rb1(NN), several peaks are clearly observed even below 4.8 eV.
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Figure 5.1: XRD profiles of (a) pristine NN and K1(NN); (b) pristine NN and
Rb1(NN).
5.1.4 SQUID measurements
Figure 5.4 shows the temperature dependences of the magnetic susceptibilities (χ(T )’s)
and the magnetic field dependences of magnetization (M(H)’s) of pristine NN, K1(NN),
and Rb1(NN). The diamagnetic susceptibilities of pristine NN, K, and Rb ions were
subtracted from the observed data by equations (5.4a), (5.4b), and (5.5). Pristine NN
exhibited a temperature independent diamagnetic susceptibility of−91.9×10−6 emu/mol
and this value agree well with the result from NMR measurements [60]. When K or
Rb was intercalated, a large paramagnetic moment was detected in K1(NN) as well as
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Figure 5.2: Raman spectra of pristine NN, K1(NN), and Rb1(NN)
Table 5.1: Vibration modes and Raman shift of NN, K1(NN), and Rb1(NN). ν = CH
stretching, δ = CH bending, ω = CC stretching and bending, γ = CH bending out of
plane, Γ = CCC bending out of plane.
Vibration NN K1(NN) Rb1(NN)
mode ∆ν Intensity ∆ν Intensity ∆ν Intensity
ag ν 3056.5 1400 2679.0 397 2682.4 435
ω 1576.4 1149 1514.6 3800 1513.5 1600
δ 1464.3 1003
ω 1382.0 9223 1340.9 11600 1342.5 9111
δ 1147.2 485 1149 330 1147.5 590
ω 1019.0 1483 1034 <100 1033.5 <100
ω 763.4 4596 739.6 315 739.7 200
b1g γ 724.4 150 628.0 225 625.7 328
Γ 392.6 428 347.5 234 348.9 150
b2g Γ 782.2 235 781.0 416 779.3 542










1 6 K 1 ( N N )











0 . 0 3
0 . 0 6
0 . 0 9

















P h o t o n  e n e r g y  ( e V )
R b 1 ( N N )
0 . 0 0
0 . 0 4
0 . 0 8
0 . 1 2
 Reflectance
(b)
Figure 5.3: Absorption and reflectance spectra of (a) K1(NN) and (b) Rb1NN.
Table 5.2: Estimated number of spins per molecule in alkali metal doped NN.
Material Number of spins per molecule
5 K 300 K
K1(NN) 0.016 0.444
Rb1(NN) 0.043 0.569
Rb1(NN) being compared with that of pristine NN. In addition, pronounced humps were
observed in their χ(T ) curve above 100 K. The M(H)s of K1(NN) and Rb1(NN) were
measured at 5 K and 300 K.
The temperature of 5 K is much smaller than the temperature of pronounce hump
position, all interaction spins have been ruined. Therefore, the observed moment at
this temperature can be suggested as paramagnetic moment without electron-electron
interaction and fitted using Brillouin function 3.4. On the other hand, the magnetization
at room temperature can be fitted by equation (3.5) because of the random arrangement
of spins above the magnetic interaction of energy scale. The estimated number of spins
per molecule for each material is presented in Table 5.2.
5.1.5 ESR measurements
Figure 5.5 shows the first derivative of the ESR signals of K1(NN) and Rb1(NN) including
their simulations supposing a few components. In the case of K1(NN), the ESR signal at
room temperature can be simulated by two Lorentzian functions 4.4 as shown in figure
5.5a. However, when the temperature was cooled until 40 K, the ESR signal can be fitted
using only one Lorentzian function, indicating that one spin component was decreased
in relative intensity. In addition, the peak positions at 40 K and 300 K are almost same,
and thus the g value is almost temperature independent. Figure 5.5b presents the ESR
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Figure 5.4: (a) Temperature dependence of magnetic susceptibilities for NN, K1(NN),
and Rb1(NN). Magnetic field dependence of magnetization for (b) K1(NN) and (c)
Rb1(NN). The blue curves are the fitting results using equation (3.4) for low tempera-
ture and equation (3.5) for high temperature M(H).
signals of Rb1(NN) at 280 K and 6 K, they shift to the higher magnetic field range and
have broadened linewidths in comparison with that of K1(NN). Two Lorentzian peaks
are used to simulate the signal of Rb1(NN) from room temperature down to 6 K. The
temperature dependences of fitting parameters for both K1(NN) and Rb1(NN) will be
presented in the next chapter.
5.2 Pristine AN, K1(AN), K2(AN), and Rb1(AN)
5.2.1 XRD patterns
We carefully prepared both K1(AN) and K2(AN) aiming at the nominal composition
by mechanical mixing at room temperature followed by pelletization and annealing at
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Figure 5.5: First derivative of ESR signals of (a) K1(NN) and (b) Rb1(NN) showing
empty red circle (observed signal), green lines (simulation of spin components), blue
line (simulation curve), and dark yellow line (difference).
higher temperatures, but below the melting point of AN, as described in the experimental
Chapter 4. It was difficult to prepare Kx(AN) with x exceeding 2, even when using our
synthesis method. The syntheses of targeted K1(AN) and K2(AN) were repeated and the
high quality samples were subjected to XRD. The diffraction peaks of pristine AN can be
well indexed using the crystal structure in reference [32]. Several new sharp diffraction
peaks appeared with leaving a small trace amount of pristine AN, when the preparation
was made with one K to one AN in stoichiometry as shown in figure 5.6a. A low angle
diffraction peak with a larger d value than that of AN appeared in both K1(AN) and
K2(AN) XRD profiles. When the stoichiometry of two K’s per AN was employed, the
diffraction peaks of pristine AN disappeared almost entirely. In the diffraction profile
of K2(AN) shown in figure 5.6a, new peaks different from those of K1(AN) are present
although some of the peaks residing on the same position of K1(AN) still remained. When
the temperature dependence was studied for K1(AN), no distinct structural transition
was detected above 70 K as shown in figure 5.6b.
On the other hand, figure 5.7 exhibits a complicated XRD profile of Rb1(AN) with
many diffraction peaks. Several smaller Q diffraction peaks also exist and this is similar
to the observation in K1(AN). The strongest diffraction peak of pristine AN is entirely
vanished for the Rb1(AN) sample.
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Figure 5.6: XRD profiles of (a) pristine AN, K1(AN) and K2(AN); (b) K1(AN) at
300 K and 70 K. The violet triangles indicate the peak changed relative intensity.
5.2.2 Raman spectra
The room temperature Raman spectra of pristine AN, K1(AN), and K2(AN) were shown
in figure 5.8a. The peak widths became wider with K intercalation. The AN molecule be-
longs to the D2h point group and totally thirty three Raman-active vibration modes can
be expected from the symmetry considerations [58]. However, only Raman-active modes
with strong intensities associated with the C-C stretching vibrations were observed in
our measurements of pristine AN. Almost all peaks of Kx(AN) (x = 1, 2) shifted to
the lower wavenumbers than those of pristine AN. The Raman spectrum of Rb1(AN) in
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Figure 5.7: XRD profiles of pristine AN and Rb1(AN)
Table 5.3: Vibration modes and Raman shift of AN, K1(AN), K2(AN), and Rb1(AN).
∆ν and I are Raman shift and peak intensity, respectively. δ = CH bending, ω = CC
stretching and bending.
Vibration AN K1(AN) K2(AN) Rb1(AN)
mode ∆ν I ∆ν I ∆ν I ∆ν I
ag ω 1561 3186 1534 812 1536 800 1544 672
δ 1484 543 1478 200 1467 251 1485 203
ω 1406 7199 1352 3056 1351 10350 1360 1526
ω 1264 989 1236 1971 1244 1346
δ 1168 967 1152 121 1143 250 1162 118
ω 1012 883 1020 336 1019 300 1027 231
ω 758 6035 738 275 726 298 744 164
ω 526 669 609 2621 595 1246 615 1915
ω 390 144 390 306 396 <100
b3g δ 1191 1087
figure 5.8b also exhibits the redshift for all vibration modes, however, the Raman shift
is smaller than that of K1(AN) as listed in Table 5.3.
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Figure 5.8: Raman spectra of (a) pristine AN, K1(AN), and K2(AN); (b) pristine AN,
K1(AN), and Rb1(AN).
5.2.3 Optical spectra
Optical spectra of the pristine AN, K1(AN), K2(AN), and Rb1(AN) are shown in figure
5.9. As shown in the upper panel of figure 5.9a, the absorptions due to the exciton bands
in the pristine AN are observed above 3 eV. In the case of electron doped AN, there is
no absorption below 0.8 eV except for a sharp peak at 0.38 eV which is assigned to the
C-H stretching vibration. In the reflectance spectrum, several peaks are clearly detected
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Figure 5.9: Absorption and reflectance spectra of (a) Kx(AN) and (b) Rb1(AN).
the lower panel of figure 5.9b depicts a significantly different absorption spectrum of
K2(AN) in comparison with that of K1(AN).
5.2.4 SQUID measurements
Figure 5.10 shows the temperature dependences of the magnetic susceptibilities (χ(T )’s)
of Kx(AN)’s (x = 0, 1, and 2). Pristine AN showed temperature independent diamag-
netic susceptibility of −124 × 10−6 emu/mol and a Curie component was not observed
at low temperatures. When K or Rb was intercalated, a large paramagnetic moment
was detected in K1(AN) as well as Rb1(AN), compared to the situation of the pristine
AN. However, when more K atoms were intercalated in K2(AN), the paramagnetic sus-
ceptibility again decreased. The numbers of spins per molecule in these materials were
estimated by equations (3.4), (3.5) and shown in Table 5.4. In addition, a pronounced
hump above 50 K was observed in K1(AN) while a similar behavior was not found in
Rb1(AN).
5.2.5 ESR measurements
Figure 5.11 shows the first derivatives of ESR signals of K1(AN) and K2(AN) including
their simulated components using the Lorentzian function (4.4). In the case of K1(AN),
ESR signal at room temperature can be well simulated by one Lorentzian component but
below 90 K asymmetry signals are detected due to the anisotropy of g factor as shown
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Figure 5.10: Temperature dependences of magnetic susceptibilities of (a) AN,
K1(AN), and K2(AN), (c) K1(AN), and Rb1(AN). Magnetic field dependence of mag-
netization of (b) K1(AN), K2(AN) and (d) Rb1(AN).
Table 5.4: Estimated number of spins per molecule in alkali metal doped AN.
Material Number of spins per molecule
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Figure 5.11: First derivative of ESR signal of (a) K1(AN) and (b) K2(AN) showing
empty red circle (observed signal), green lines (simulation of spin components), blue
line (simulation curve), and dark yellow line (difference).
in figure 5.11a. In addition, a linewidth narrowing of ESR signal was detected with
cooling the temperature. On the other hands, the ESR signals of K2(AN) exhibit only
one component as shown in figure 5.11b. The peak positions are almost same from room
temperature to 30 K, indicating that the g value is almost constant with temperature.
Figure 5.12 shows ESR signals of Rb1(AN) at 5 K and 293 K as well as their simula-
tions. The signal at 5 K clearly exhibits two components with very different linewidth.
Especially, the broader component need to be fitted using Gaussian function (4.4). This
component shifts to the higher magnetic field with increasing temperature and gradu-
ally changes the line shape to Lorentzian function (4.3). The narrower component almost
keeps the same position when temperature increases.
5.3 Pristine TN, K1(TN), and K2(TN)
5.3.1 XRD patterns
XRD patterns of TN, K1(TN) and K2(TN) are shown in figure 5.13a. The profile of
K1(TN) presents a few new peaks in comparison with pristine TN. In addition, small
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Figure 5.12: First derivative of ESR signal of Rb1(AN) showing empty red circle
(observed signal), green lines (simulation of spin components), blue line (simulation
curve), and dark yellow line (difference).
diffraction peaks from the pristine material still remain in K1(TN). However, the pre-
pared nominal stoichiometries of both K1(TN) and K2(TN) showed similar positions
of diffraction peaks in figure 5.13a. Kx(TN) system also showed expansion of unit cell
from pristine TN due to K intercalation into the lattice. The relative intensities of the
diffraction peaks in K1(TN) and K2(TN) are different and some small peaks in K1(TN)
profile disappeared in the one of K2(TN)
There is no evidence from XRD patterns for the crystal structural transition in K1(TN)
at low temperatures and its peak positions only shifted to the smaller d region (see figure
5.13b).
5.3.2 Raman spectra
Figure 5.14 shows the room temperature Raman spectra of pristine TN, K1(TN), and
K2(TN). The peak widths became wider with K intercalation. Raman-active modes with
strong intensities associated with the C-C and C-H stretching and bending vibrations
were observed in measurements of pristine TN. The types of vibration modes are assigned
by comparing the spectra of pristine TN with reference [61] All Raman shifts of TN,
K1(TN), and K2(TN) are listed in Table 5.5. Almost all peaks of Kx(TN) (x = 1, 2)
shifted to lower wavenumber than those of pristine TN. However, the Raman spectrum
of K1(TN) exhibits many new peaks in comparison with those of TN and K2(TN).
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Figure 5.13: XRD profiles of (a) pristine TN, K1(TN), and K2(TN); (b) K1(TN) at
300 K and 90 K.
5.3.3 Optical spectra
The absorption and reflectance spectra of K1(TN) and K2(TN) are shown in figure 5.15.
In both materials, there is no absorption below 0.8 eV except for a sharp peak at 0.38 eV
which is due to the C-H stretching vibration being similar to the case of other presented
alkali metal doped PLAs. As presented in chapter 2, TN has a quite large band gap of
2.8 eV. In reflectance spectrum of K1(TN) displayed on the upper panel, several peaks
are clearly observed even below 2.8 eV. The lower panel of figure 5.15 describes the
absorption spectrum of K2(TN) which exhibits a sharp edge at 1.45 eV.
Experimental Results 51
4 0 0 8 0 0 1 2 0 0 1 6 0 0
* * * *
*
*
* * * * *
K 2 ( T N )








R a m a n  s h i f t  ( c m - 1 )
T N
Figure 5.14: Raman spectra of pristine TN, K1(TN), and K2(TN). The pink asterisks
show the new peak positions.
Table 5.5: Vibration modes and Raman shift of TN, K1(TN), and K2(AN). ∆ν and I
are Raman shift and peak intensity, respectively. ν = CH stretching, δ = CH bending,
ω = CC stretching and bending, Γ = CCC bending out of plane.
Vibration TN K1(TN) K2(TN)
mode ∆ν I ∆ν I ∆ν I
ω 1617 2169 1596 strong - -
1607 <500 - - - -
ω 1544 16417 1536 strong 1534 strong
ω 1448 1628 1443 medium 1426 weak
1404 1403 1374 strong 1374 strong
ω 1385 11780 1356 strong - -
1368 2765 1340 strong 1342 medium
ν 1198 8482 1202 medium 1203 medium
δ 1181 2388 1172 weak - -
δ 1160 7188 1158 weak 1146 weak
δ 998 997 1023 weak 1021 weak
Γ 752 1241 732 weak 732 weak
619 993 612 medium 612 medium
ω 494 841 489 weak 476 weak
Γ 316 650 317 weak 314 weak
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Figure 5.15: Absorption and reflectance spectra of K1(TN) (upper panel) and K2(TN)
(lower panel).
Table 5.6: Estimated number of spins per molecule in K doped TN.
Material Number of spins per molecule




Figure 5.16a shows the temperature dependences of the magnetic susceptibilities (χ’s) of
pristine TN, K1(TN), and K2(TN). Pristine TN showed temperature independent dia-
magnetic susceptibility of −156× 10−6 emu/mol and a Curie behavior was observed at
low temperatures. This value is consistent with the reported data which was estimated
from NMR measurement [60]. When K was intercalated into TN, a much small param-
agnetic moment was detected in K1(TN) compared to the pristine TN. However, when
more K atoms were intercalated a diamagnetic susceptibility is observed in K2(TN) and
a Curie behavior was not detected at low temperatures. Table 5.6 presents the number
of spins per molecule in these materials estimated by equations (3.4) and (3.5) from
magnetic field dependences of magnetizations in figures 5.16b and 5.16c.
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Figure 5.16: (a) Temperature dependence of magnetic susceptibilities for TN, K1(TN),
and K2(TN); magnetic field dependences of magnetizations of (b) K1(TN) and (c)
K2(TN)
5.3.5 ESR measurements
The ESR signals of K1(TN) exhibit complicated profiles at both low and high tem-
peratures as shown in figure 5.17. It is very difficult to simulate a profile with many
components, therefore I only make the integral of the signal to estimate spin suscepti-
bility. In addition, the peak positions almost keep in the whole temperature range.
5.4 Pristine PN, K1(PN), and K2(PN)
5.4.1 XRD patterns
Figure 5.18a presents the XRD patterns of PN, K1(PN), and K2(PN). The profiles of
doped phases show new strong peaks, specially at low diffraction angles in comparison
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Figure 5.17: First derivative of ESR signal of K1(TN) at 6 K and 300 K.
with that of pristine PN. The profiles of the K1 and K2 intercalated samples were
significant distinguishable and the diffraction peaks of pristine PN entirely disappeared
after annealing in both K1(PN) and K2(PN). The diffraction peaks of K1(PN) are very
sharp compared with other 1:1 phases, although it is very complicated at high angles by
reflecting the crystal structure of pristine PN.
As shown in figure 5.18b, the temperature dependence of XRD patterns of K1(PN) do
not show any structural transition down to 90 K, except for the small peak shifts due
to the shrinkage of the lattice.
5.4.2 Optical spectra
The absorption and reflectance spectra of K1(PN) and K2(PN) are presented in figure
5.19. No absorption below 0.8 eV is detected, excepting for a sharp peak at 0.38 eV, which
is assigned to the C-H stretching vibration in analogy to the case of other presented
alkali metal doped PLAs. As presented in chapter 2, PN has the band gap of 2.1 eV, but
several peaks are clearly observed below 2.8 eV in the reflectance spectrum of K1(PN).
In addition, the absorption spectrum of K2(PN) exhibits a sharp edge at 1 eV as shown
in the lower panel of figure 5.19.
5.4.3 SQUID measurements
The temperature dependences of the magnetic susceptibilities (χ’s) of pristine PN,
K1(PN), and K2(PN) are presented in figure 5.16a. Pristine PN exhibited a temperature
independent diamagnetic susceptibility of −197×10−6 emu/mol, which is consistent with
the reported data estimated from NMR measurement [60]. A very small paramagnetic
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Figure 5.18: XRD profiles of (a) pristine PN, K1(PN), and K2(PN); (b) K1(PN) at
300 K and 90 K. The violet triangles indicate the peak changed relative intensity.
moment was detected in K1(PN) after K was intercalated into PN. However, when more
K atoms were intercalated, a diamagnetic susceptibility was observed in K2(PN). Figures
5.16b and 5.16c show the magnetic field dependences of the magnetization of K1(PN)
as well as K2(PN). The numbers of spins per molecule are estimated by equations (3.4)
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Figure 5.19: Absorption and reflectance spectra of K1(PN) (upper panel) and K2(PN)
(lower panel).
Table 5.7: Estimated number of spins per molecule in K doped PN.
Material Number of spins per molecule




The ESR signals of K1(PN) exhibit quite simple profiles at both low and high tempera-
tures as shown in figure 5.17. These signals can be fitted by two Lorentzian components.
In addition, the peak positions almost did not change in the whole temperature range.
5.5 Summary of experimental results
In this chapter, I presented the experimental data of pristine as well as alkali metal
doped NN, AN, TN, and PN. The XRD profiles showed that the crystal structures of
the doped materials exhibit changes in comparison with that of pristine materials but
there was no apparent phase transition with decreasing temperature. The Raman spectra
Experimental Results 57















T ( K )
 K 1 ( P N )
 K 2 ( P N )
 P N
(a)

















B ( T )
(b)



















B ( T )
(c)
Figure 5.20: (a) Temperature dependences of magnetic susceptibilities for PN,
K1(PN), and K2(PN); magnetic field dependences of magnetizations of (b) K1(PN)
and (c) K2(PN)
of alkali metal doped NN, AN, and TN showed a typical phonon softening due to the
electron transfer from alkali metals whereas the Raman spectrum of K1(TN) exhibited
many new peaks. The reflectance spectra of all K and Rb doped PLAs with nominal
composition of 1:1 exhibited several peaks below the energy gap of the corresponding
pristine materials. Their is no absorption below 0.8 eV except for a sharp peak caused
by the C-H stretching vibration. In addition, the absorption spectra of all K2(PLAs)
showed a sharp edge at the certain energies.
The temperature and magnetic field dependences of the magnetization of the pristine
and the alkali metal doped materials have also been studied by SQUID data. The mag-
netic susceptibilities of NN, AN, TN, and PN are consistent with the reported values in
NMR [60]. In all alkali metal doped PLAs with the composition of 1:1, the paramagnetic
susceptibilities were observed. Specially, the K1(NN), Rb1(NN), and K1(AN) indicated
an interesting M(T ) curve with a hump at intermediate temperature region (T > 50K),
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Figure 5.21: First derivative of ESR signals of K1(PN) showing empty red circle
(observed signal), green lines (simulation of spin components), blue line (simulation
curve), and dark yellow line (difference).
which can be suggested to associate with the antiferromagnetic interactions. In addi-
tion, the magnetic susceptibilities of K doped TN and PN with the 1:1 stoichiometry
are smaller than those of alkali metal doped NN and AN. On the other hand, the K doped
PLAs with the 2:1 stoichiometry showed a significant decrease in magnetic susceptibil-
ity. Especially K2(TN) and K2(PN) exhibited diamagnetic susceptibilities. Besides the
SQUID measurements, the ESR measurements gave information on the components of
magnetic susceptibilities.
In the next chapter I will analyze and discuss the physical properties and their relation-
ship to the structures.
Chapter 6
Data Analyses and Discussion
In this chapter, I will analyze experimental data shown in Chapter 5 and discuss the
effects of the bandwidth of pristine PLAs, doping levels in their intercalation compounds,
and inter-molecular distances on the ground states of doped PLAs. Each effect will be
presented in one section based on the corresponding experimental data.
6.1 Effects of bandwidth of pristine materials in K1(PLA)
As presented in chapter 2, the bandwidth of LUMO-derived band increases with increas-
ing the size of molecules due to the decrease in orbital overlapping. The experimental
results showed that when the number of rings in one molecule increases, some certainly
different magnetic properties were observed in K doped PLAs with composition of 1:1.
The temperature dependences of susceptibilities of K1(NN) and K1(AN) exhibit humps
while K1(TN), K1(PN) depict smaller magnetic susceptibilities and the humps are ab-
sent.
XRD of K1(PLA)
In addition, new diffraction peaks were observed in the XRD profiles of K doped NN,
AN, TN, and PN with nominal composition of 1:1. The lattice expansion in comparison
with the pristine materials are also observed in all K1(PLAs) samples because of the K
atoms intercalation. This indicates that stable K doped PLA phases formed after the re-
actions. Figures 6.1 and 6.2 present the Le Bail fitting of XRD profiles of K1(PLA), their
extracted structure parameters are listed in Table 6.1 in comparison with corresponding
pristine materials. The Le Bail fitting results of K1(NN) and K1(AN) are similar with
59
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Figure 6.1: Le Bail fittings of XRD profiles of (a) K1(NN) and (b) K1(AN),showing
observed (filled circles) and calculated (red line) diffraction patterns, position of Bragg
peaks (green vertical marks), background (dark cyan line), and difference profile (blue
line).
each other, which exhibit a large change of structure parameters while those of K1(TN)
and K1(PN) show a small expand in comparison with TN and PN, respectively.
The Le Bail fittings of XRD profiles show two groups which exhibit significantly differ-
ent unit cells. In order to understand their different temperature dependent magnetic
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Figure 6.2: Le Bail fittings of XRD profiles of (a) K1(TN) and (b) K1(PN), showing
observed (filled circles) and calculated (red line) diffraction patterns, position of Bragg
peaks (green vertical marks), background (dark cyan line), and difference profile (blue
line). The dark vertical marks in K1(PN) pattern indicate the Bragg peak position of
K2(PN) phase.
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Table 6.1: Crystal structural parameters extracted from Le Bail fittings of K1(NN),
K1(AN), K1(TN), and K1(PN).
Material Crystal structure parameters
a(Å) b(Å) c(Å) α(◦) β(◦) γ(◦) V (Å3)
NN 8.259 5.978 8.673 90.00 122.61 90.00 360.72
K1(NN) 9.299 12.749 9.796 87.06 86.98 78.34 1134.9
AN 8.551 6.011 11.166 90.00 124.55 90 472.75
K1(AN) 11.328 14.830 10.873 100.37 114.99 92.90 1612.2
TN 7.925 6.069 13.457 101.07 113.34 85.96 583.10
K1(TN) 7.848 6.134 13.993 101.94 112.08 84.54 610.62
PN 6.272 7.648 14.392 76.73 88.17 84.43 668.80
K1(PN) 5.884 9.208 14.201 93.11 92.72 98.52 758.66
properties corresponding to their ground states, I will analyze and discuss their optical
spectra as well as magnetic properties in this section.
Optical spectra of K1(PLA)
In the reflectance spectrum of K1(PLA), several peaks are clearly observed even below
the LUMO energies of the corresponding pristine material. For comparison, absorption
spectra of free solvated PLAs mono- and dianions [62] are plotted in figure 6.3. In the
free solvated anions, three sets of absorptions are observed at approximately 1-1.5 eV,
2.3-2.8 eV and 3.3 eV. They have been assigned to the electron excitations from LUMO to
LUMO+1, from HOMO to LUMO+1, and from HOMO–1 to LUMO, respectively. Note
that the reflectance peaks in K1(NN), K1(AN), K1(TN), and K1(PN) are observed at
very similar energies to those in the free solvated anions, and thus, the same assignments
are applicable.
The appearance of the LUMO to LUMO+1 reflection band at 1-2 eV in these materials
indicates that the LOMO-derived band is occupied by electrons in the ground state.
This evidences charge transfers from K to PLAs, namely, a successful electron doping.
The absorption tails are observed at low energy region in figure 6.3 and there appears
no contribution from the Drude term derived from itinerant carriers. Hence, we can
conclude that K1(NN), K1(AN), K1(TN), and K1(PN) are insulators.
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Figure 6.3: Optical absorption and reflectance spectra of K1(PLA), free solvated
mono- and dianion for (a) NN, (b) AN, (c) TN, and (d) PN. The data of anions are
taken from reference [62].
Raman spectra of K1(PLA)
Table 6.2 shows the Raman shift of K1(AN) in comparison with those of pristine AN
and monoanion AN. All observed vibration modes in both pristine AN and K1(AN) were
assigned and consistent with those of solvated monoanion AN [63]. The Raman spectrum
of K1(AN) shift to the lower energy than that of pristine AN. This phonon softening
associates with the electron transfer from K to AN molecules, accordingly occupying
the anti-bonding orbitals of AN and weakening the vibrational force constant. A similar
effect caused by the charge transfer was reported in graphite intercalation compounds
[64]. In addition, the phonon softening was also observed in K1(NN), indicating that
electrons was also transfered in this material.
In the case of K doped TN, the phonon softening was detected in K1(TN) as well as
K2(TN) as shown in figure 6.4. This indicates that the electron transfer occurs in both
materials. The Raman shift of pristine TN agree well with those in the reported reference
[61]. However, the Raman spectrum of K1(TN) shows many new peaks listed in Table 6.3.
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Table 6.2: Comparison of observed Raman shift of AN and K1(AN) with reported
neutral and solvated monoanion.
δ = CH bending, ω = CC stretching and bending.
Vibration mode AN monoanion AN K1(AN)
Ref.[58] This work Ref.[63] This work
∆ν ∆ν ∆ν ∆ν
ag ω 1557 1561 1543 1534
δ 1482 1484 1466 1478
ω 1403 1406 1360 1352
ω 1260 1264 1230 1236
δ 1163 1168 1152 1152
ω 1007 1012 1024 1020
ω 753 758 738 738
ω 622 526 608 609
ω 395 390 390
b3g δ 1187 1191 1180
Table 6.3: Raman shift of new peaks in K1(TN).
∆ν Intensity ∆ν Intensity ∆ν Intensity
1497 medium 1239 weak 913 medium
1476 medium 1225 weak 893 weak
1309 medium 1112 weak 880 medium
1287 strong 1004 weak 663 weak
1264 medium 929 weak 648 weak
The new peaks of 1309, 1287, 1264 cm−1 will be the splitting mode from corresponding
sketching and bending modes of C=C of 1404, 1385, 1368 cm−1, respectively; the new
peaks of 913, 893, 880 cm−1 will correspond to the vibration modes of C-H bending out
of plane in pristine TN. These splits of Raman active modes can be suggested to the
deform of TN molecules due to dimerization. A similar characteristic of Raman spectra
were observed in dimers of RbC60 [65].
Overview of magnetic properties in K1(PLA)
All the composition 1:1 phases, K1(NN), K1(AN), K1(TN), and K1(PN), exhibited the
paramagnetic susceptibilities and clearly indicate that charge transfer occurs from K
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Figure 6.4: Raman spectra of K doped TN including notes of peak positions and pink
asterisks indicate new peak positions.
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Figure 6.5: Temperature dependences of magnetic susceptibilities of K1(PLA).
to the organic semiconductors. As shown in figure 6.5, the temperature dependences
of magnetic susceptibility of K1(NN), K1(AN) are significantly different from those of
K1(TN) and K1(PN), suggests stronger spin correlations in K1(NN) and K1(AN) than
those in K1(TN) and K1(PN).
In the rest of this section, I will present detailed analysis and discussion by dividing into
two groups: K1(TN), K1(PN) and K1(NN), K1(AN).
Data Analyses and Discussion 66

















H  ( T )
(a)







 S Q U I D  m e a s u r e m e n t







T  ( K )
(b)
Figure 6.6: (a) Observed M(H) at 300 K and the linear fitting (red line); (b) tem-
perature dependence of magnetic susceptibility from SQUID and ESR measurements
of K1(TN).
6.1.1 Magnetic properties of K1(TN) and K1(PN)
Detailed discussion on magnetic property of K1(TN)
The temperature dependence of susceptibility of K1(TN) presents a diamagnetic sus-
ceptibility above 150 K, however the M(H) curve exhibits a positive slope as shown in
figure 6.6a. This indicates that the temperature dependence of magnetic susceptibility
of K1(TN) contains large errors because of the small SQUID response signals in compar-
ison with those of quartz tube. In addition, figure 6.6b shows a similar behavior of the
temperature dependences between SQUID and ESR, a paramagnetic property at room
temperature is observed in the ESR measurements. In oder to avoid the experimental
errors, I will use the spin susceptibility data for making further analyses on magnetic
properties of K1(TN).
The temperature dependence of spin susceptibility of K1(TN) seems to obey the Curie















where χ(T ), C, and n are the temperature dependent susceptibility, the Curie constant,
and the number of spins, respectively. Figures 6.7a and 6.7b show good fittings of 1/χ(T )
and χ(T ) using equations (6.1b) and (6.1a), respectively. The optimal Curie constant is
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Figure 6.7: (a) Temperature dependence of inverse spin susceptibility of K1(TN)
with linear fitting (red line). (b) Temperature dependence of spin susceptibility with
the simulation curve (red line) using equation (6.1a).
0.0024 emuK/mol. The estimated number of spin is 0.006 spin/molecule and this small
number of spin originates from defects in material.
Detailed discussion on magnetic property of K1(PN)
The temperature dependence of susceptibility of K1(PN) also exhibits large errors due to
the small SQUID response signals in comparison with those of quartz tube. The M(H)
curve exhibits a small positive slope as shown in figure 6.8a while the susceptibility
observed from the temperature dependent measurements could not be evaluated form
the response signals above 200 K. In addition, figure 6.8b presents a similar behavior
of the temperature dependences between SQUID and ESR in low temperature region.
Therefore, I will use the spin susceptibility data for making further analysis in oder to
avoid the experimental errors from the SQUID measurement.
Figures 6.9a and 6.9b display the fitting results of the 1/χ(T ) and χ(T ) using equations
(6.1b) and (6.1a), respectively. The optimal Curie constant is 0.0039 emuK/mol, corre-
sponding to 0.01 spin/molecule. This value is closer to the one estimated from M(H),
0.03 spin/molecule. The different g factors, which can be estimated by fitting ESR signal,
are caused be the inhomogeneity of sample. In addition, the g factor and the linewidth
of K1(PN) are almost temperature independent as shown in figure 6.10. Therefore the
observed paramagnetic susceptibility in this material is caused by the defects.
From the optical measurements and the magnetic properties, the transfer of one
electron from K to an organic molecule was detected in both K1(TN) and K1(PN),
however the spin numbers in these materials are very small. In addition, the a reasonable
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Figure 6.8: (a) Observed M(H) at 300 K and the linear fitting (red line); (b) tem-
perature dependence of magnetic susceptibility from SQUID and ESR measurements
of K1(PN).
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Figure 6.9: (a) Temperature dependence of inverse spin susceptibility of K1(PN) with
linear fitting (red line). (b) Temperature dependence of spin susceptibility with the
simulation curve (red line) using equation (6.1a).
number of electrons were not observed in the optical as well as the ESR measurements.
There are two scenarios to explain their small spin numbers. The first scenario is that the
actually doping level in K1(TN) and K1(PN) is 2:1, and therefore the LUMO-derived
band already fully filled by a pair of electrons. The second one is that the organic
molecules form dimers and two electrons can localize at the same position and exhibit
singlet spin state as the electronic ground states.
In order to confirm the first scenario, I compared the optical spectra of K1- and K2-
doped phase with TN and PN parent compounds. The absorption spectra of K2(TN) and
K2(PN) displayed in figure 6.11 are significantly distinguished from those of K1(TN) and
K1(PN), respectively and clearly exhibit higher energy shifts of absorption edges. These
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Figure 6.11: Comparison of absorption and refection spectra between (a) K1(TN) and
K2(TN), (a) K1(PN) and K2(PN).
optical results imply that K doped TN and PN materials with the nominal composition
of 1:1 are the actual phases with nearly ideal stoichiometry including one K per molecule.
Figure 6.12 presents the temperature dependences of susceptibilities of K1(TN) with
K2(TN) and K1(PN) with K2(PN). The χ(T ) curves of K1(TN) as well as K1(PN) are
significantly different from those of K2(TN) and K2(PN), respectively. This indicates
that the synthesized K1- and K2- phases are stable and different from each other. In
addition, the XRD profile of K1(PN) is different from the one of K2(PN) as shown in
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Figure 6.12: Temperature dependences of susceptibility of (a) K1(TN), K2(TN) and
(b) K1(PN), K2(PN)
the chapter of experimental results 5.4. Therefore, the first scenario of the small spin
number can be ruled out and the dimerization of molecules can be reasonable.
Figure 6.13a describes the electron excitation of mono-anion and dimer-anion TN. In
the case of dimer-anion TN, the molecular energy levels are degenerated and a singlet-
triplet gap is formed instead of LUMO-derived level. Therefore all reflection peaks will be
broadened, E1 and E3 peaks shifted to higher energy range. As shown in figure 6.13b, all
reflection peaks of K1(TN) can be assigned base on electronic excitation of dimerization
model. In addition, the thermal gap is estimated around 0.3 eV (3481 K) from the
different absorption edge between K1(TN) and K2(TN). For the case of K1(PN), the
reflection peaks are too broad for assign peak position, however, this material show a
similar magnetic property to K1(TN). Thus, the ground states of K1(TN) and K1(PN)
are dimer singlet insulating states.
6.1.2 Magnetic properties of K1(NN) and K1(AN)
When K was intercalated, large paramagnetic moments were detected in both K1(NN)
and K1(AN), being compared to values of the pristine NN and AN. The most striking
and intriguing phenomenon observed in their magnetic susceptibilities is the fact that
the broad humps above 50 K were observed as shown in figure 6.5. It is also very im-
portant that they showed a sufficiently large magnetizations, and therefore they cannot
be ascribed to any defect spins.
In addition, the Drude term derived from free electron was not detected in their ab-
sorption spectra. This indicates that K1(NN) as well as K1(AN) are insulators including
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Figure 6.13: (a) electron excitations of monomer and dimer anion models; (b) ab-


















Figure 6.14: Schematic model of (a) thermal activation and (b) Mott insulator in
K1(AN).
large paramagnetic susceptibility at room temperature. Their paramagnetic susceptibil-
ities increase slowly with decreasing temperature then decrease below certain tempera-
tures. This magnetic behaviour can be understood by two scenarios which are a thermal
transition of spin state in a dimer system and an antiferromagnetic (AF) interaction be-
tween adjacent spins in a Mott insulator. The schematic models of these ground states
are described in figure 6.14. The thermal activated triplet state is in principle based on a
band insulator in a localized electron system via dimer formation whose ground state is
singlet while the Mott insulating state is categorized in principle to an itinerant electron
system where electrons are localized via on-site Coulomb repulsion energy of U in a half
filled energy band.
Figure 6.15a describes the electron excitation of mono-anion and Mott insulating state.
In Mott insulating model, there is a Mott gap formed near the LUMO-derived level.
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Figure 6.15: (a) electron excitations of monomer anion and Mott insulator models;
(b) absorption and refection spectra of K1(AN) with assigned peaks based on Mott
insulating model.
Therefore E1 peak shifted to higher energy while E4 peak shift to lower energy. Figure
6.15b shows a good assignment of the reflection peaks based on electronic excitation of
Mott insulating model. In addition, the optical spectra of K1(NN) can be also assigned
employing the Mott insulating model. Thus, the ground states of K1(NN) and K1(AN)
are Mott insulating states.
The ESR measurements of K1(NN) and K1(AN) show other evidences of the AF interac-
tion. The temperature dependences of g factor, linewidth, and χspin are shown in figures
6.16, for K1(NN) and K1(AN). A Pauli paramagnetic contribution associated with con-
duction electrons was not observed. The g factors for both K1(NN) and K1(AN) are
larger than that of free electron and an anisotropy g factor was observed in K1(AN).
The decrease of linewidth ESR with decreasing temperature indicates the change of
relaxation time due to spin-spin interaction.
Magnetic susceptibility starts to decrease at a certain temperature due to the AF interac-
tions among the adjacent spins below J/kB and at low temperature the steep increase of
the conventional Curie temperature dependence can consistently be explained. Therefore




+ χAF (T ) , (6.2a)
χobserved(T )T = C + χAF (T )T ; (6.2b)
The Curie constant can be obtained from the linear fitting of χ(T )T curve employing
equation (6.2b), and then the χAF (T ) is extracted from observed data using equation
(6.2a) for each material.
Data Analyses and Discussion 73









2 . 0 0 2 4
2 . 0 0 2 8





























2 . 0 0 2 5
2 . 0 0 3 4
























Figure 6.16: Temperature dependence of g factor, linewidth, and spin susceptibility
of (a) K1(NN) and (b) K1(AN).
In these systems, it was difficult to find an accurate magnetic model due to insufficient
structural information and I did not find a satisfactory answer in the structural refine-
ment despite my tremendous efforts. In order to employ a two-dimensional Heisenberg
model, it is necessary to know crystal information or otherwise a numerical fitting em-
ploying many parameters consumes an enormous time and will lead to various imprecise
solutions. In addition, the simulation using one-dimensional Heisenberg spin chain also
needs a numerical fitting. The polycrystalline material generally including various chain
length with a distribution.
Figure 6.17 shows a comparison between χAF (T ) curves of K1(NN) and K1(AN) with
theoretical values of calculation by the Heisenberg spin chain model taken from [54]. The
J values are roughly estimated from the temperature showing maximum susceptibility,
where g factors are taken from the ESR measurements and x values are percentages
of spin numbers in materials. The calculated lines are in good agreement with the ob-
served data, however, it is necessary to fit the temperature dependence of magnetic
susceptibility in order to obtained the accurate value of J .
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Figure 6.17: Comparison between χAF curves and calculated values of Heisenberg
spin chains of (a) K1(NN) and (b) K1(AN). The red lines are composed from the black
solid and black dash lines.
I temporarily employed an Ising model of an AF spin chain, described by Bonner-Fisher
[54] in the framework of a finite chain length, as the next step of interpretation due to
the lack of the detailed structure information.
However, the χAF (T ) curve depicts an increase at low temperature, indicating that a
number of unpaired spins still remain in materials. The remaining susceptibility originate
from the spins located at the end of chains which have odd numbers of spins. It is
reasonable to imagine that the prepared intercalated phase does not have a long-range
ordering and exists together with several different numbers of spins per chain due to
the low dimensional instability. I, therefore, employed a modified Bonner-Fisher model
as an alternative choice by taking into account the different finite numbers of spins
per chain consisting of even (N1) and odd numbers (N2) with the equivalent interaction
energy (J), where presently the dispersion of the chain length is neglected. The magnetic



















where C1 and C2 correspond to the even and the odd spin numbers in a chain, re-
spectively. In this model, the AF interaction between the two adjacent spins causes a
broad hump at intermediate temperatures while the odd number of spins chain causes
an increase in magnetic susceptibility at low temperatures.
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Table 6.4: Fitting parameters of Bonner-Fisher model with several values of spin
numbers per chain for the χ(T ) of K1(NN).
N Parameters M R2





2 0.082828 159.52 0.441 0.98573
4 0.039506 189.77 0.421 0.99654
6 0.027716 210.29 0.443 0.99815
8 0.021876 224.65 0.466 0.99794
10 0.018254 235.20 0.487 0.99715
12 0.015735 243.24 0.503 0.99608
14 0.013861 249.54 0.517 0.99485
Detailed discussion on magnetic property of K1(NN)
In order to determine the numbers of spins per chain, I tested several fittings for the
temperature dependence of spin susceptibility (χS(T )) of the component named g2 in-
volving several different numbers of spins per chain. As shown in figure 6.18a, the best
fitting of χS(T ) was obtained by employing the Bonner-Fisher equation for even spin
chain. The optimal values of the parameters and the coefficient of determination (R2)






where yi, fi, and ȳ are the observed data, the model value, and the mean of observed
data, respectively.
Figure 6.18b shows the R2 values against the number of spins per chain. The simulation
employing equation (6.3) with N1 = N2 = 6 obtained the largest R2 value; therefore I
will use the fitting parameter, N = 6 for the later analysis.
The χobserved(T )T curve of K1(NN) and the linear fitting below 20 K using equation
(6.2b) with optimal C = 0.00273 emu.K/mol are shown in figure 6.19a. Then I ex-
tracted the χAF (T ) from the static χobserved(T ) using equation (6.2a). The χAF (T ) still
increases in the low temperature region, and therefore the Bonner-Fisher model (6.3)
with even and odd spin numbers can be used to simulate. The simulation result is pre-
sented in figure 6.19b using N1/N2 = 6/5, C1, C2, and J/kB values are 0.056, 0.0132,
189.4, respectively. The simulating result depicts that the total number of spins in the
materials is 1.06 spin/molecule, this value is almost consistent with the nominal doping
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Figure 6.18: (a) Simulation temperature dependence of spin susceptibility of K1(NN)
using Bonner-Fisher model (eq. (6.3)) for N1 = N2 = 6; (b) the coefficient of determi-
nation of Bonner-Fisher model against number of spin per chain.
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Figure 6.19: (a) Temperature dependence of χAFT and linear fitting (red curve)
employing eq. (6.2b) below 10 K; (b) simulation χAF (T ) using Bonner-Fisher model
with odd and even spin numbers in chain (eq. (6.3)) of K1(NN).
composition. The deviation of simulation curve from the experimental data below 100
K is suggested to the coexistence of many different numbers of spin per chain in the
material.
Detailed discussion on magnetic property of K1(AN)
In the case of K1(AN), the spin susceptibility excluded Curie term was fitted using
Bonner-Fisher equation (6.3) with several different numbers of spins per chain to de-
termine the number of spins per chain. The best fitting curve and experimental data
are presented in figure 6.20a, the optimal values of fitting parameters in equation (6.4)
and the coefficient of determination (R2) are listed in Table 6.5. As shown in figure
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Table 6.5: Fitting parameters of Bonner-Fisher model with several values of spin
number per chain for the χ(T ) of K1(AN).
N1/N2 Parameters M R2









6/5 0.02512 0.00150 133.61 0.422 0.9126
8/7 0.01924 0.00150 141.35 0.438 0.94113
10/9 0.01553 0.00150 146.20 0.450 0.96330
12/11 0.0129 0.00150 149.27 0.457 0.97679
14/13 0.01101 0.00150 151.22 0.463 0.98412
16/15 0.00952 0.00150 152.42 0.466 0.98786
18/17 0.00833 0.00150 153.16 0.468 0.98970
20/19 0.00737 0.00150 153.60 0.469 0.99060
22/21 0.00657 0.00150 153.86 0.469 0.99105
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Figure 6.20: (a) Simulation using Bonner-Fisher model for temperature dependence of
spin susceptibility of K1(AN); (b) coefficient of determination of Bonner-Fisher model
versus even number of spin per chain.
6.20b, the R2 value increases with increasing the number of spins per chain due to the
enhancement of the power of function without physical meaning. Therefore, I decided
to choose the N value which gives the large R2 value with a slow increase in R2 for
further increase in N . From this reason, a set of parameters N1/N2 = 14/13 was chosen
for further analysis.
The χobserved(T )T curve of K1(AN) and the linear fitting below 10 K using equation
(6.2b) with optimal C = 0.00454 emu.K/mol are shown in figure 6.21a. Then the χAF (T )
was extracted from the static χobserved(T ) by employing equation (6.2a). The χAF in-
creases at low temperature region, this is similar behavior to K1(NN), therefore the
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Figure 6.21: (a) Temperature dependence of χ(T )T including linear fitting (red curve)
below 10 K; (b) simulation of χ(T ) using Bonner-Fisher model with odd and even spin
numbers in chain of K1(AN).
Bonner-Fisher model with even and odd spin numbers (6.3) can be used to simulate
the χAF (T ) curve of K1(NN). The simulation result is presented in figure 6.21b us-
ing N1/N2 = 14/13 from the fitting of χS(T ) curve. The C1, C2, and J/kB values are
0.0122, 0.0125, and 139.38,2 respectively. This depicts that the total number of spin is
0.89 spin/molecule which is close to the nominal doping composition.
I successfully synthesized K intercalated NN, AN, TN, and PN systems with the
1:1 stoichiometry using an improved solid state mixing and thermal diffusion method-
ology. The optical spectra, Raman spectra, and magnetic susceptibility as a function of
temperature for K1(PLA) was well described on a basis of the band filling model. It is
a clear evidence of occurrence of charge transfer from K to organic semiconductors.
Recently, a calculation of van der Waals dimer states in NN, AN, TN, and PN [66]
showed negative interaction energies of dimer PLAs and the magnitude increases with
the number of benzene rings in molecules. This indicated that large dimer PLAs are
preferred with the stabilized energy in the range of 0.35 - 0.45 eV. Although the smaller
interaction energies of 0.15 - 0.25 eV (around 1700 K) in dimer of NN and AN were
obtained from their calculations, these energies are still very large in comparison with
room temperature. Therefore, if K doped PLAs exhibit dimer forms with the singlet
insulating ground state, we can not observed the singlet-triplet transition and all electron
doped materials depict small magnetizations at room temperature. In contrast, K1(NN)
and K1(AN) exhibit large magnetization and magnetic humps. This means that the
ground states of K1(NN) and K1(AN) are not singlet insulating states of dimers. In
addition, the bandwidths of NN and AN are smaller than those of TN and PN while
they have large on-site Coulomb interactions due to small sizes of molecules. Small
bandwidth and large on-site Coulomb may induce a Mott-insulating state preferred for
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K1(NN) as well as K1(AN) and the pronounced magnetic hump is associated with the
AF interaction. Both SQUID and ESR measurements provided the Mott electronic state
with one electron transfer from K to an organic molecule.
In the case of K1(TN) and K1(PN), the singlet insulating states are originated from the
dimerization between the adjacent molecules. This results are consistent with the results
of iodine doped PN which are also understood by thermal activation model. However,
their experimental results showed much small thermal activation energy (0.03 eV) than
those from calculation.
6.2 Effects of carrier doping levels
The ground states of four K1(PLAs) were discussed and clarified in the previous section
6.1. Many evidences about the occupation of electrons in the LUMO-derived bands of
the PLAs were observed. In this section, I will present the ground states tunned for K
doped PLAs from the view point of band filling model in a semiconductor when more
K atom is added to the LUMO-derived band.
For all three systems, which are AN, TN, and PN, the temperature dependences of
magnetic susceptibilities of K2(PLAs) are significantly different from those of K1(PLAs)
as shown in Chapter 5. Table 6.6 presents the magnetic susceptibilities in Kx(PLAs)
(x = 1, 2; PLA = AN, TN, and PN). When x increases from 1 to 2, the magnetic
susceptibilities in both Kx(TN) and Kx(PN) changes from paramagnetic to diamagnetic,
respectively. However, K2(AN) still shows a paramagnetic susceptibility which is much
smaller than that of K1(AN) at room temperature.
The diamagnetic susceptibility of K2(TN) and K2(PN) is the characteristic of a band
insulator. In addition, the different XRD profiles of the K1- and K2-phases were observed
in TN and PN system, indicating the distinguished crystal structures of K1- and K2-
materials. These results indicate that the ground states of K doped TN and PN were
successfully tuned by carrier doping.
In the case of K2(AN), a measurable magnetic susceptibility without a magnetic hump
was observed. Following band filling model, a diamagnetic susceptibility which is similar
to K2(TN) and K2(PN) should be observed in K2(AN). Therefore, in the current section,
I will focus the analyses on K2(AN) and comparison with K1(AN) to clarify the electronic
state of K2(AN).
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Table 6.6: Static magnetic susceptibilities of K doped AN, TN, PN with nominal
composition 1:1 and 2:1 at 300 K.
Material χ (10−4 emu/mol)
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Figure 6.22: XRD profiles of AN, K1(AN), and K2(AN) against d value.
6.2.1 Crystal structures
Figure 6.22 presents the XRD profiles of the pristine AN, K1(AN), and K2(AN) against
the d values. The diffraction peaks of pristine AN can be well indexed using the crystal
structure in the reference [32]. A low angle diffraction peak with a larger d value than
that of AN appeared in both K1(AN) and K2(AN) XRD profiles. The K1(AN) unit cell
was expanded in comparison with that of pristine AN due to the K intercalation. When
the stoichiometry of two K’s per AN was employed, the diffraction peaks of pristine AN
disappeared almost entirely. In the diffraction profile of K2(AN), not only new peaks at
different positions from those of K1(AN) were obtained, but also other small broad peaks
appeared. The number of observed diffraction peaks was less than that of K1(AN). The
appearance of the broad peaks as well as the decrease of the peak number in K2(AN)
indicate that crystallinity of doped material start to decrease when the stoichiometry
exceeds one to one. For K2(AN), new peaks different from those of K1(AN) are observed
although some of the peaks residing in the same positions of K1(AN) still remain.
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Figure 6.23: Le Bail fittings of XRD profiles of K2(AN),showing observed (filled
circles) and calculated (red line) diffraction patterns, position of Bragg peaks (green
vertical marks), background (dark cyan line), and difference profile (blue line).
Table 6.7: Crystal structural parameters extracted from Le Bail fitting of K1(AN)
and K2(AN).
Material Crystal structure parameters
a(Å) b(Å) c(Å) α(◦) β(◦) γ(◦) V (Å3)
AN 8.551 6.011 11.166 90.00 124.55 90 472.75
K1(AN) 11.328 14.830 10.873 100.37 114.99 92.90 1612.2
K2(AN) 8.330 6.242 10.807 936.52 106.83 105.36 512.90
Figure 6.23 shows the Le Bailing fitting of K2(AN) which can be simulate all diffrac-
tion peaks. The extracted structure parameters of K2(AN) are listed in Table 6.7 in
comparison with pristine AN and K1(AN). K2(AN) exhibits a small expand unit cell
in comparison with pristine AN and significantly different structure parameter from
K1(AN). These results indicate that both K1(AN) and K2(AN) are stable and distin-
guished phases in the K-intercalated AN system.
6.2.2 Optical spectra
Figure 6.24 describes some electron excitations restricted to the visible and ultraviolet
region in K1(AN) and K2(AN). In the case of K1(AN), we distinguish four types of the
excitations which are HOMO→ LUMO, HOMO-1→ LUMO, HOMO→ LUMO+1, and






Figure 6.24: Electron excitations in K1(AN) and K2(AN).
LUMO→ LUMO+1. The important reflection band at 1-2 eV corresponding to electron
excitation from LUMO to LUMO+1 was observed in the spectra of K1(AN) as shown
in figure 6.25. This is a clear evidence for the partially electron filled the LUMO band
of AN.
In K2(AN), the LUMO-derived band is occupied by two electrons, this implies that
the excitation HOMO → LUMO and HOMO-1 → LUMO cannot occur. Therefore,
corresponding transition LUMO→ LUMO+1 and HOMO→ LUMO+1, shown in figure
6.24, can only be detected in the optical measurements, their energy band are 1.2-1.6
and 2.3-2.9 eV, respectively. As shown in figure 6.25, these electron excitations were
observed in the absorption spectra of K2(AN) and an energy gap around 1.4 eV was also
detected. The optical results indicate that K2(AN) is a band insulator while K1(AN)
exhibits the partially filled LUMO-derived band.
6.2.3 The Raman spectra
The Raman spectra of AN observed in my present researches is consistent with that in
the reported experiments. As shown in figure 5.8a, almost all peaks of Kx(AN) (x = 1, 2),
shifted to the lower wavenumber than those of pristine AN and K2(AN), exhibit larger
down-shifts for almost all vibration modes in comparison with those of K1(AN). This
phenomenon was discussed in the previous section 6.1.2 and it indicates that an electron
was transfered from K to AN in both compositions. The phonon softening observed in
both K1(AN) and K2(AN) indicates that the electrons were transfered from K to the
anti-bonding orbital of AN as discussed in section 6.1.2. In addition the larger down-
shifts in K2(AN) spectrum correspond to a larger number of electrons were transfered.
A similar behavior of Raman spectra was reported in alkali metal intercalated graphite
when the atomic ratio between alkali metal and C increases [67, 68]. Therefore, more
intercalated K atoms were evidently obtained in the nominal K2(AN) material.
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Figure 6.25: Optical absorption and reflectance spectra of K1(AN) with free solvated
monoanion AN (upper panel) and optical absorption spectra of K2(AN) with free sol-
vated dianion AN. The data of anions are from reference [62].
Table 6.8: Comparison of observed Raman shift of AN, K1(AN), and K2(AN) with
reported neutral, solvated mono, di-anion, and dimer AN.
δ = CH bending, ω = CC stretching and bending.
Vibration AN K1(AN) K2(AN)
mode Ref.[58] This work Ref.[63] This work Ref.[63] This work
∆ν ∆ν Int. ∆ν ∆ν Int. ∆ν ∆ν Int.
ag ω 1557 1561 3186 1543 1534 812 1540 1536 800
δ 1482 1484 543 1466 1478 200 1470 1467 251
ω 1403 1406 7199 1360 1352 3056 1350 1351 10350
ω 1260 1264 989 1230 1236 1971
δ 1163 1168 967 1152 1152 121 1150 1143 250
ω 1007 1012 883 1024 1020 336 1020 1019 300
ω 753 758 6035 738 738 275 723 726 298
ω 622 526 669 608 609 2621 599 595 1246
ω 395 390 390 144 390 390 306
b3g δ 1187 1191 1087 1180
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On the other hand, the peak at 1236 cm−1 in the spectrum of K1(AN) almost disappeared
in the case of K2(AN), and the peak at 609 cm
−1 in K1(AN) shifted to 595 cm
−1 in
K2(AN). However small intensity peaks at 1236 cm
−1 and 609 cm−1 were found in
K2(AN) as well as a small trace of the 595 cm
−1 peak was also observed in K1(AN).
These facts suggest that a small amount of K2(AN) phase is present in K1(AN) and
vice versa. From the intensities of Raman spectra, a contaminant of K2(AN) with 8%
was estimated in the K1(AN) sample. Similarly, the amount of the contaminant K1(AN)
phase in K2(AN) was estimated to be around 9%.
6.2.4 Magnetic properties
A large paramagnetic moment was detected in K1(AN), while a small paramagnetic
moment was observed in K2(AN). This clearly indicates that an electron transfers from
K to AN and the LUMO-derived band is gradually filled with electrons in proportional
to the amount of K. However, based on the picture of band insulator where the LUMO-
derived band is completely filled by electrons, K2(AN) must exhibits a diamagnetic
susceptibility. In order to understand the origin of this paramagnetic susceptibility, the
ESR measurements were carried out against temperature.
As presented in the experimental section of SQUID measurement 4.2.4, the magnetic
susceptibilities of sample tubes were removed by subtracting the response of the empty
tube from those of samples in the tube. If the signal of a sample is not strong enough
in comparison with the one of an empty tube, the subtraction will induce large fitting
errors. Therefore, the large paramagnetic susceptibility of K2(AN) is probably caused
by such fitting errors. In figure 6.26a, a consistency of the temperature dependences
of susceptibilities between SQUID and ESR indicates that the experimental data are
intrinsic susceptibilities of samples, not fitting errors.
Figures 6.26b and 6.26c depict the temperature dependences of g factors and ESR
linewidths of both K1(AN) and K2(AN). In the case of K2(AN), g factors are almost
independent temperature and the linewidths exhibit a small decrease with decreasing
temperature. The peak positions of ESR signals at 280 K of K1(AN) and K2(AN) are
3441.45 G and 3441.77 G, respectively. They exhibit a difference of 0.32 G, this value is
very small in comparison with their linewidths of 1.7-2.2 G. Therefore, if small amount
of K1(AN) phase exists in K2(AN) sample, the ESR signals of K1(AN) and K2(AN)
components can not be distinguished because of the small difference of their g factors.
The plot of χ(T )T of K2(AN) in figure 6.27a does not obey the Curie law in the whole
temperature range. As shown in figure 6.27b, a good fitting using the Curie equation
(6.2b) can be obtained below 20 K with a Curie constant of 0.00168 (emu.K/mol). The
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Figure 6.26: Temperature dependence of (a) χ(T ), (b) g factor, and (c) ESR linewidth
of K2(AN).
Curie component is then subtracted from the temperature dependence of spin suscepti-
bility of K2(AN). Figure 6.27 shows the temperature dependence of spin susceptibility
corrected with Curie component of K2(AN) and the temperature dependence of magnetic
susceptibility of K1(AN). The χS(T ) of K2(AN) exhibits a magnetic hump although the
spin susceptibility is much smaller than the one of K1(AN). This suggests the presence
of K1(AN) phase in K2(AN) as an impurity, this is consistent with the results of the
Raman measurements. This indicates that the intrinsic magnetic properties of K2(AN)
is diamagnetic.
As discussed in section 6.1.2, all properties of K1(AN) were well described on a
basis of the AF-Mott insulating state. Both magnetic and optical experiments provided
the evidences for the Mott insulating state of K1(AN) with one electron transfer from K
to AN. This conclusion seems reasonable when the on-site Coulomb repulsion energy U (1
eV) and the band widthW (0.6 eV) are considered in the itinerant band limit. The small
paramagnetic moment in K2(AN) was proven to originate from the impurity of K1(AN),
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Figure 6.27: (a) Temperature dependence of χT including linear fitting below 20 K
(red line); and (b) temperature dependence of magnetic susceptibilities extracted Curie
of K1(AN) and K2(AN).
it means that K2(AN), exhibiting intrinsic diamagnetic, is a band insulator. Our results
demonstrate tuning of the ground state in typical molecule organic semiconductor and
suggest that a unique magnetically ordered state in a finite number can be created in
K-intercalated aromatic hydrocarbons.
6.3 Effects of intermolecular distance
Since the AF interactions in K1(NN) and K1(AN) are very attractive phenomena, I
have made further investigations by modulating the AF interaction energy. This can be
carried out by changing the intercalant element from K to Rb, and thus by tuning the
intermolecular distance.
6.3.1 XRD patterns
In order to compare the intermolecular distances in K1(NN), Rb1(NN), K1(AN), and
Rb1(AN), I measured XRD of these materials. In XRD profiles, the intensity of diffrac-
tion peaks strongly depends on the electron density in the compound. When the angle
between the molecules and crystallographic plane change, due to the synthetic method
or the doping effect, the relative intensities of diffraction pattern change. Therefore, a
refinement of X-ray powder diffraction of organic polycrystalline materials, whose crys-
tal structure is unknown, is difficult because each lattice point is occupied by an organic
molecule having many atoms and various molecular orientations. The Le Bail fittings of
XRD profiles of K1(NN) and K1(AN) was presented in section 6.1. In this section, I will
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Figure 6.28: Le Bail fittings of XRD profiles of Rb1(NN) showing the observed (filled
circles) and calculated (red line) diffraction patterns, position of Bragg peaks (green
vertical marks), background (dark cyan line), and difference profile (blue line).
present Le Bail fittings of the XRD profiles of Rb1(NN) and Rb1(AN) to estimate the
parameters of their unit cells.
In figure 6.28, the XRD profiles of Rb1(NN) are almost simulated by a triclinic structure.
The expansions of unit cells mainly occur on the ab plane, indicating that the intercalant
ions are located on the ab plane. The intercalant ions are assumed to locate on the axes
of unit cell or the diagonal of ab plane as shown in figures 6.29a and 6.29b, respectively.
The Le Bail fitting results presented in Table 6.9 show small differences of the structural
parameters between K1(NN) and Rb1(NN). The different sizes of intercalant ions did not
strongly affect the crystal structure of A1(NN) phases and Rb1(NN) tentatively exhibits
a similar magnetic property to that of K1(NN).
Figure 6.30 shows Le Bail fitting of the XRD profiles of Rb1(AN). It is simulated by em-
ploying a triclinic structure. As listed in Table 6.9, the structural parameters of K1(AN)
mainly vary on the ab plane and this is similar to the results of K1(NN) and Rb1(NN).
However, the result of Rb1(AN) depicts strong expansion along all three axes in com-
parison with K1(AN). The intercalant ion sizes strongly affect the crystal structures of
the A1(AN) phases. This suggests a different magnetic property of Rb1(AN) from that
of K1(AN).
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(a) (b)
Figure 6.29: Schematics of structural model of of intercalant ions locating on ab plane
of AN molecule. K ions locate on (a) axes and (b) diagonals of unit cell. Schematics
showing C atoms (blue spheres), H atoms (orange spheres), intercalant ions (green
spheres), and axes of unit cell (black line).
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Figure 6.30: Le Bail fittings of XRD profiles of Rb1(AN) showing the observed (filled
circles) and calculated (red line) diffraction patterns, position of Bragg peaks (green
vertical marks), background (dark cyan line), and difference profile (blue line).
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Table 6.9: Crystal structural parameters extracted from Le Bail fittings of K1(NN),
Rb1(NN), K1(AN), and Rb1(AN).
Material Crystal structure parameters
a(Å) b(Å) c(Å) α(◦) β(◦) γ(◦) V (Å3)
NN 8.259 5.978 8.673 90.00 122.61 90.00 360.72
K1(NN) 9.299 12.749 9.796 87.06 86.98 78.34 1134.9
Rb1(NN) 9.280 12.826 9.741 86.12 85.83 78.20 1130.1
AN 8.551 6.011 11.166 90.00 124.55 90 472.75
K1(AN) 11.328 14.830 10.873 100.37 114.99 92.90 1612.2
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Figure 6.31: Optical spectra of (a) K1(NN) and Rb1(NN), (b) K1(AN) and Rb1(AN),
including absorption spectra of solvalted monoanion as well as dianion of pristine ma-
terials.
6.3.2 Optical spectra
As shown in figure 6.31, the optical spectra of K1(NN) and Rb1(NN) show similar profiles
whereas Rb1(AN) exhibits a different profile from K1(AN) above 3 eV although an
almost similar shape is observed below 2.5 eV. The absorption spectra of these materials
in the low energy range do not show the Drude term associated with free carriers. As
discussed in section 6.1, the reflectance spectra of K1(NN) as well as K1(AN) displayed
the important reflection bands at 1-2 eV corresponding to the electron excitation from
LUMO to LUMO+1. Similar reflection bands were observed in the spectra of both
Rb1(NN) and Rb1(AN) but the peaks shifted to lower energy, indicating smaller gaps
between LUMO and LUMO+1 than those of K doped materials. Therefore, the electron
transfer was successfully obtained from Rb atoms to LUMO-derived band of NN and
AN.
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Table 6.10: Comparison of observed Raman shift of NN, K1(NN), Rb1(NN), AN,
K1(AN), and Rb1(AN). δ = CH bending, ω = CC stretching and bending, γ = CH
bending out of plane, Γ = CCC bending out of plane.
Vibration NN K1(NN) Rb1(NN) AN K1(AN) Rb1(AN)
mode ∆ν ∆ν Int. ∆ν Int. ∆ν ∆ν Int. ∆ν Int.
ag ω 1576 1515 3800 1514 1600 1561 1534 812 1545 672
δ 1464 1484 1478 200 1485 203
ω 1382 1341 11600 1343 9111 1406 1352 3056 1360 1526
ω 1264 1236 1971 1244 1346
δ 1147 1149 330 1148 590 1168 1152 121 1162 118
ω 1021 1034 <100 1034 <100 1012 1020 336 1027 231
ω 763 740 315 740 200 758 738 275 744 164
ω 513 503 1507 503 1160 526 609 2621 615 1915
ω 390 144 396 100
b1g γ 724 628 225 626 328
Γ 393 348 234 349 150
b2g Γ 782 781 416 779 542
b3g ω 1629 1569 1100 1574 <100
6.3.3 Raman spectra
All Raman spectra of K1(NN), Rb1(NN), K1(AN), and Rb1(AN) exhibit phonon soft-
ening due to the electron occupation in LUMO-derived band. Their peak positions as
well as the intensities are listed in Table 6.10. There was no dependence of the Raman
shift on intercalant ions in alkali metal intercalated-NN materials whereas the Raman
spectra of Rb1(AN) exhibited smaller down-shift than those of K1(AN).
In order to understand the Raman measurement results of these materials, it is better
to compare the results with the Raman spectra of alkali metal intercalated graphite
because NN and AN can be assumed as a fragment of graphene, which is a single layer
graphite. As shown in Table 6.11, when K element was replaced by Rb or Cs, the
Raman spectra of C8M exhibited larger down-shifts and those of C24M depicted almost
the same vibration frequency [67, 68]. These results are in contrast to the smaller down-
shift of Rb1(AN) than that of K1(AN). Therefore, the significantly different Raman shifts
between Rb1(AN) and K1(AN) can not be ascribed to the type of the cation between K
and Rb. This behavior can be understood by the effect of a smaller number of electrons.
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Table 6.11: Raman shift of alkali metal intercalated graphite.
Material Raman shift (cm−1)
M = K M = Rb M = Cs
C8M 1547 (300 K) 1480 (77 K) 1519 (300 K)
C24M 1599 (300 K) 1602 (77 K) 1598 (300 K)
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Figure 6.32: Temperature dependences of magnetic susceptibilities of K and Rb doped
NN and AN with 1:1 stoichiometry.
6.3.4 Magnetic properties
As discussed in section 6.1.2, K1(NN) and K1(AN) showed a pronounced magnetic hump
associated with the AF interactions. Both SQUID and ESR measurements suggested
the Mott insulating states with one electron transfer from K to NN and AN. Figure
6.32 shows the temperature dependences of magnetic susceptibilities of Rb1(NN) and
Rb1(AN) in comparison with K1(NN) and K1(AN). The χ(T ) curve of Rb1(NN) also
exhibits a large magnetic moment and a similar broad hump which shifts to the lower
temperature range than that of K1(NN) while the χ(T ) curve of Rb1(AN) shows a signif-
icantly different behavior without any pronounced humps. The distinguished magnetic
properties of Rb1(NN) and Rb1(AN) will be analyzed and discussed in this section.
Detailed discussion on magnetic properties of Rb1(NN)
The ESR signals of Rb1(NN) were fitted using two Lorentzian functions as presented
in section 5.1.5, and therefore include a minor spin component exhibiting a broader
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Figure 6.33: Temperature dependence of g factor, linewidth, and spin susceptibility
of Rb1(NN).
linewidth (> 40 G) and a major spin component showing a smaller linewidth. The
intensity of the minor component becomes greatly small in comparison with the one
of the major component (42  750) above 40 K. The temperature dependence of spin
susceptibility of the minor components almost obeys the Curie law.
Figure 6.33 shows the temperature dependences of g factor, linewidth, and spin sus-
ceptibility of the major component in Rb1(NN). A larger linewidth was detected in
comparison with K doped NN, the linewidths at room temperature changed from 4.2 to
19.2 G when K atoms were replaced by Rb in NN system. An increase of linewidth with
lager intercalant ion was reported in K3−xRbxC60 (x = 0, 1, 2, 3) and suggested that
this can be associated with the spin-orbit coupling of s electrons remaining on the alkali
metals [69]. Therefore the larger linewidth of ESR signals of Rb1(NN) is also associated
with the spin-orbit coupling. The temperature dependence of χS and linewidth of this
component is similar to those of K1(NN) as well as K1(AN). This indicates that the
pronounced hump in Rb1(NN) is also associated with the AF interactions.
As discussed in section 6.1, in order to interpret the temperature dependences of suscep-
tibilities of K1(NN) and K1(AN), I employed a modified Bonner-Fisher model including
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Table 6.12: Fitting parameters of Bonner-Fisher model with several values of spin
number per chain for the χ(T ) of Rb1(NN).
N1/N2 Parameters M R2









6/5 0.02038 0.00584 117.86 0.404 0.87396
8/7 0.01421 0.00595 122.26 0.414 0.91775
10/9 0.01030 0.00598 123.90 0.418 0.93285
12/11 0.00760 0.00598 124.06 0.418 0.93670
14/13 0.00567 0.00598 124.20 0.419 0.93717
16/15 0.00421 0.00598 124.14 0.419 0.93682
18/17 0.00308 0.00598 124.23 0.419 0.93648
20/19 0.00217 0.00598 124.07 0.419 0.93621
22/21 0.00143 0.00598 124.17 0.419 0.93609
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Figure 6.34: (a) Simulation using Bonner-Fisher model for temperature dependence
of spin susceptibility of Rb1(NN), (b) the coefficient of determination of Bonner-Fisher
model against number of spin per chain.
of even (N1) and odd numbers (N2) of spins per chain with the equivalent interaction en-
ergy (J). The Raman spectra and ESR results of Rb1(NN) and K1(NN) exhibit the same
characteristics, therefore, it is reasonable to adopt the modified Bonner-Fisher model for
investigating the χ(T ) curve of Rb1(NN) and a similar analysis for K1(NN) will be car-
ried out. The temperature dependence of spin susceptibility of the main component was
fitted by employing equation (6.3) with several different values of N1 and N2. The opti-
mal parameters and values of R2 determined by equation (6.4) are listed in Table 6.12.
Figure 6.34b depicts a plot of R2 against N1/N2 values, where a suitable value of N1/N2
giving the largest R2 is 14/13. The best fitting involving these parameters is shown in
figure 6.34a.
Data Analyses and Discussion 94
2 0 4 0 6 0 8 0 1 0 0
0 . 0 2
0 . 0 4
0 . 0 6
0 . 0 8









T  ( K )
(a)














T  ( K )
 O b s e r v e d  d a t a
 N  =  1 4
 N  =  1 3
 S i m u l a t i o n
(b)
Figure 6.35: (a) Temperature dependence of χT including linear fitting (red curve)
at low temperature (below 20 K); (b) simulated χ(T ) using Bonner-Fisher model with
odd and even spin numbers in chain of Rb1(NN).
In this material, the spin susceptibilities evaluated from the integration of the ESR
signals will be underestimated due to the large linewidth of the signals, and therefore,
the total number of spins in the material should be estimated employing the susceptibility
from SQUID measurements. In order to distinguish the actual susceptibility from the one
caused by defects in SQUID data, I first estimated the Curie constant originating from
defects. Figure 6.35a presents a linear fitting of χ(T )T curve by equation (6.2b). The
Curie constant of C = 0.00869 emu.K/mol was obtained from this fitting. The χAF (T ) is
extracted using equation (6.2a). The χAF (T ) curve still increases in the low temperature
region, and therefore the Bonner-Fisher model with even and odd spin number (6.3) is
employed for simulation. As shown in figure 6.35b, the simulation (N1/N2 = 14/13)
provides C1, C2, and J/kB values 0.0173, 0.011, and 150.42, respectively. The values of
C1 and C2 indicate that the total number of spins is 1.02 spin/molecule which is almost
consistent with the nominal doping composition.
The total spin numbers of K1(NN) and Rb1(NN) were comparable. These results are
consistent with the Raman measurements because their Raman shift shown in Table
6.10 are almost the same. The AF interaction energy in Rb1(NN) (J/kB = 150.42 K)
Kis smaller than that of K1(NN) (J/kB = 189.9 K). As presented in section 6.1, I
interpreted that the exchange interaction can account for the narrowing of ESR signal.
Therefore, the decrease of J in Rb1(NN) can be associated with the broadening of ESR
signal linewidth including the effect of spin-orbit coupling. The decrease in the J values
can suggest that the distance or the angles between NN molecules are expanded when
K ions were replaced by Rb ions.
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Figure 6.36: Temperature dependences of g factor, linewidth and spin susceptibility
of Rb1(AN).
Detailed discussion on magnetic properties of Rb1(AN)
In AN system, when K is replaced by Rb atoms, a significantly different χ(T ) curve was
detected. The ESR signals of Rb1(AN) below 14 K clearly show one Gaussian and one
Lorentzian components. The estimated g factors of the two components are very differ-
ent from each other as shown in the top panel of figure 6.36. However, these g factors
become identical when temperature increase, where the two components were only dis-
tinguished by their linewidths. This induces errors in estimating the spin susceptibility
of each component. Figure 6.36 presents the temperature dependences of the g factor,
the linewidth, and the spin susceptibility of Rb1(AN). The g factor and the linewidth of
the component so called g1 in figure 6.36 significantly increase as temperature decreases
below 14 K, from 2.0033 to 2.1163 and 42 to 160 G, respectively.
There are two scenarios to understand the large increase of the g factor and the linewidth
in Rb1(AN) below 14 K. The first scenario is the coexistence of two spin states, i.e., itin-
erant and localized spins influence the thermal dependence of g factor and the second
one is localized spins with a magnetic transition at low temperature. For the first sce-
nario, if I assume that there is an itinerant spin component in this material, its χ(T )
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Figure 6.37: (a) Temperature dependence of χT including linear fitting (red curve)
above 20 K; (b) simulated χ(T ) of Rb1(AN) using equation (6.5a).




+ χi , (6.5a)
χ(T )T = Cl + Tχi ; (6.5b)
where Cl is the Curie constant of the localized spins and χi is temperature independent
magnetic susceptibility derived from the itinerant spins. As shown in figure 6.37a, the
static χ(T )T curve above 20 K of Rb1(AN) depicts a linear dependence which is in good
agreement with the equation (6.5b). The values of Cl and χi obtained by employing
the linear function 6.5b are 0.055 emu.K/mol and 4.06×10−4 emu/mol, respectively.
Consistently, the χ(T ) can be simulated by employing these parameters for equation
(6.5a) as shown in figure 6.37b.
The magnitude of Cl corresponds to the number of localized spin around 0.15 spin/molecule
and much smaller than the nominal composition of 1. This result is consistent with the
Raman spectra of Rb1(AN) which showed a shift to the higher wavelength than that of
K1(AN). In this scenario, the large linewidth in the ESR signal is associated with the
itinerant spin. However, a Drude term corresponding to free electron was not detected in
the optical spectra of Rb1(AN). Therefore this scenario is not appropriate to understand
the magnetic property of Rb1(AN).
In the case of second scenario, the number of transfered electrons to be estimated around
0.68 spin/molecule by employing the Curie constant formula. The exchange interactions
among localized spins are significantly small due to the large expansion of structure
parameters. The increase of g factor and linewidth below 14 K suggest that spin become
more localized.
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Figure 6.38: Magnitudes of J/kB against the area of ab planes of K1(NN), Rb1(NN),
K1(AN), Rb1(AN).
Consequently, I successfully demonstrated to tune the exchange interactions in
alkali metal doped NN and AN. All magnetic properties of K1(NN), Rb1(NN), and
K1(AN) were well described on a basis of the AF-Mott insulating states. On the other
hand, Rb1(AN) exhibited localized spin without AF interaction. As presented in Chapter
2, the herringbone configuration in PLA induces the strongest interaction on the ab
plane along the two diagonal directions and the smaller interaction along the c axis in
the adjacent layers. Figure 6.38 presents a plot of J/kB values against the areas of the
ab planes in their crystal structures. The exchange interactions decrease with increasing
these areas. This clearly indicates the effects of the intermolecular distance on J .
6.4 Summary
In this chapter, I analyzed and discussed different electronic states of alkali metal
doped PLAs. For the half filled materials, PLAs with small bandwidths and large on-
site Coulomb interactions exhibit an AF-Mott insulating state. The others, K1(TN) and
K1(PN), show the singlet insulating states caused by the dimerization of the adjacent
molecules with a stabilized energy much larger than room temperature. In addition,
the AF energies in the NN and AN systems were successfully tuned by variating the
inter-molecular distances. On the other hand, the temperature dependences of suscepti-
bilities of K1(PLA) and K2(PLA) were well described on a basic of a band filling model;
K2(PLAs) are band insulators. My experimental results have demonstrated how one can




As presented in Chapter 1, the electronic states of intercalation compounds between
alkali metal and PLAs gave scientific interest to many researchers. However, for a long
time, both crystal structure and physical properties of alkali doped polycrystalline PLAs
have not fully been unveiled. The real electronic states of alkali metal intercalated PLAs
are very intriguing for research. Therefore, I have focused on the synthesis of high quality
alkali metal intercalated PLAs and studied their electronic states, such as NN, AN, TN,
and PN with K or Rb as a dopant. I targeted on tuning the ground states as well as on
the AF interaction of these materials via accurate control of the doping level and the
bandwidth.
The quality of doped materials of PLAs by the conventional synthetic techniques was
not sufficiently high because various metastable phases coexist, which has been known to
cause serious problems for investigating the electronic ground states of the doped PLAs.
In order to improve the quality of the intercalated PLAs, I have developed a modified
synthetic route be different from the conventional method by employing a solid diffusion
process with careful intermittent mechanical grindings at room temperature followed by
annealing. The detail of synthetic technique was described in section 4.1.
By employing the modified synthesis process the quality of alkali metal doped PLAs
was sufficiently improved to obtain physical properties derived from different doping-
level phases as well as intercalant elements. In order to investigate the ground states
of doped materials, I employed XRD, Raman spectra, optical spectra, and magnetic
properties measurements and the experimental results show the consistency. The charge
transfer occurred in all doped materials.
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K1(PLA) and K2(PLA), prepared by employing the modified solid reaction processes,
showed significantly different X-ray diffraction (XRD) profiles and temperature depen-
dences of magnetic susceptibilities (χ(T )). In all materials with the nominal composition
of 1:1, χ(T )’s exhibited the paramagnetic susceptibilities and clearly indicated that elec-
trons are transferred from alkali metals to PLAs. On the other hand, the diamagnetic
susceptibilities were detected in K2(TN) and K2(PN), while K2(AN) remained with
small paramagnetic susceptibility due to the small amount of K1(AN) as discussed in
section 6.2.4. These behaviors are consistent with the concept of band filling because the
LUMO derived-band of parent PLA was fully filled by two electrons transferred from
K atoms. Thus, I have successfully demonstrated tuning the electronic states of typical
organic semiconductors based on the band filling model.
For the half filled materials, K1(NN) and K1(AN) exhibit an AF-Mott insulating state,
while K1(TN) and K1(PN) express a singlet insulating state caused by the dimeriza-
tion of the adjacent molecules. This indicated that dimer PLAs are preferred with the
stabilized energy in the range of 0.35 - 0.45 eV. In contrast, K1(NN) and K1(AN) ex-
hibit smaller bandwidths and large on-site Coulomb repulsion due to the small size of
the molecules in comparison with K1(TN) and K1(PN), inducing the preferred Mott-
insulating state. The pronounced magnetic hump associated with the AF interaction
was found in K1(NN) and K1(AN), SQUID and ESR measurements provided the Mott
electronic state with one electron transfer from K to an organic molecule. The AF in-
teraction energies in NN and AN systems were successfully tuned by modulating the
inter-molecular distances. Especially, in the case of Rb1(AN), large expansion of the
unit cell was detected and the material exhibited localized spins without AF interac-
tion. Therefore the AF-Mott insulating state was not obtained.
The singlet insulating states originating from the dimerization of the adjacent molecules
in K1(TN) and K1(PN) are consistent with the results of iodine doped PN which are
also understood by thermal activation model. However, their experimental results showed
much smaller thermal activation energies (0.03 eV) than those from theoretical calcu-
lations (0.3 eV). On the other hand, the previous studies focusing on the electronic
transport a Mott insulating state was suggested to understand the steep decrease of
conductivity when the doping level approaches to 1:1 in K doped PN. This result is in
contrast to the magnetic properties of K1(PN) which I observed. The different ground
states can be originated from the magnitudes of their bandwidth. As presented in Chap-
ter 3, the bandwidth of thin film PN is larger than the one of bulk PN.
My thesis has successfully demonstrated how the electronic states and the AF energies of
typical carrier doped organic semiconductors can be tuned. In pristine PLAs, the band-
width increases and on-site Coulomb interaction decreases with increasing the number of
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Figure 7.1: Schematic dependence of ground state on on-site Coulomb interaction (U)
and bandwidth (W ) of electron doped PLAs.
benzene rings in molecule, making this to become the most important tuning parameter
in controlling the ground state of carrier doped PLAs. Consequently, the electron doped
with the stoichiometry of 1:1 in smaller PLAs exhibited a Mott insulating state, whereas
those of larger PLAs showed a singlet dimer insulating state, as shown in figure 7.1.
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